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Introduction: 


Despite  years  of  study  by  clinicians  and  scientists  around  the  world,  there  are  still  many 
unanswered  questions  in  prostate  cancer.  A  fundamental  and  clinically  important  issue  is 
why  prostate  cancer  responds  to  hormonal  therapy  initially  but  becomes  resistant 
eventually  in  nearly  all  patients  [1],  Prostate  cancer  is  histologically  heterogeneous 
consisting  of  luminal  type  tumor  cells  and  a  small  component  of  neuroendocrine  (NE) 
cells  [2],  Unlike  luminal  type  tumor  cells  that  express  androgen  receptor  (AR)  and 
depend  on  androgen  for  proliferation,  NE  cells  lack  AR  and  are  androgen- independent 
[3],  Hormonal  therapy,  while  inhibiting  luminal-type  tumor  cells,  increases  the  number  of 
NE  cells  in  prostate  cancer  which  is  evident  in  recurrent  castration-resistant  prostate 
cancer[4].  In  some  patients,  the  recurrent  tumor  is  composed  of  pure  NE  cells  and  is 
classified  as  small  cell  neuroendocrine  carcinoma  (SCNC)  [5].  We  hypothesize  that  NE 
cells  play  important  roles  in  the  initiation  and  progression  of  PC.  We  also  hypothesize 
that  they  are  the  cells  of  origin  for  SCNC  and  p53  is  the  molecular  target.  This  research 
proposal  has  the  following  specific  aims:  1 :  To  determine  if  NE  cells  are  required  for 
tumor  initiation  and/or  progression  in  a  mouse  PC  model;  2:  To  determine  if  NE  cells  are 
required  for  tumor  initiation  and/or  progression  in  a  human  PC  model;  3:  Cell  of  origin 
and  the  molecular  targets  of  prostatic  small  cell  neuroendocrine  carcinoma 

Body: 

Research  accomplishments  associated  with  Task  1:  In  this  task,  we  will  generate 
pfe«loxP/loxP/pb-Cre/CR2-toxin+  mice  by  breeding  pten  conditional  knockout  mice 
with  CR2-toxin  mice.  We  will  then  observe  tumor  development  and  whether  the 
mice  develop  castration-resistant  tumors  after  castration  (Time  frame:  Months  1  - 
36) 

la:  Breeding  and  genotyping  (Time  frame:  Months  1  -  24) 

Our  goal  is  to  determine  the  function  of  neuroendocrine  cells  in  the  initiation  and 
progression  of  prostate  cancer.  Our  approach  is  to  compare  the  mice  with  or  without  NE 
cells  in  their  prostate  cancer  formation.  The  hypothesis  is  that  in  the  male  mice,  the  toxin 
will  be  expressed  in  prostate  neuroendocrine  cells  because  of  the  selective  activity  of 
CR2  promoter  in  such  cells  [6-7],  resulting  in  ablation  of  the  neuroendocrine  cells.  This 
will  give  us  an  opportunity  to  definitively  determine  the  function  of  neuroendocrine  cells 
in  prostate  cancer. 

The  breeding  strategy  and  genotyping  protocol  for  identifying  mice  that  are  of  the  desired 
genotype  was  reported  in  last  year’s  annual  report.  Since  the  last  report  period,  we  have 
found  a  productive  strategy  to  derive  mice  of  desired  genotypes  after  we  realized  that 
male  mouse  with  prostate  deletion  of  Pten  is  most  likely  not  fertile.  We  therefore  bred 
male  mouse  carrying  the  floxed  Pten  allele  to  the  female  mouse  carrying  both  the  floxed 
Pten  and  Cre  gene  and  have  obtained  a  large  number  of  animals  with  the  desired 
genotypes. 
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This  task  has  therefore  been  successfully  completed. 


lb:  Observing  the  development  of  primary  tumors  (Time  frame:  Months  12  -  24) 


In  the  first  reporting  period,  we  demonstrated  that  CR2-toxin  gene  can  ablate  the  prostate 
cancer  formation  in  TRAMP  (transgenic  adenocarcinoma  of  the  mouse  prostate)  mouse 
model.  Prostate  tumors  in  TRAMP  mice  are  composed  exclusively  of  neuroendocrine 
cells.  Therefore  this  result  demonstrated  that  our  approach  to  abolish  neuroendocrine 
cells  in  the  prostate  with  CR2  promoter-driven  diphtheria  toxin  is  a  valid  strategy,  which 
will  help  us  to  definitively  determine  if  neuroendocrine  cells  play  a  role  in  prostate 
cancer. 


fable  1.  A  collection  of  mice  of  various  ages. 
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Fig.  1.  Similar  histologic  appearance  of 
prostate  tumors  in  mice  with  or  without  the 
expression  of  the  toxin 


As  outlined  in  Table  1,  we  have  generated  32  mice  with  the  desired  genotypes  of  various 
ages.  There  were  15  mice  carrying  the  diphtheria  toxin,  likely  devoid  of  neuroendocrine 
cells  as  the  toxin  will  ablate  the  target  cells.  There  were  17  mice  without  the  toxin  genes. 
The  prostates  of  those  mice  were  dissected  and  whole  mount  H&E  analyses  were 
performed  on  all  of  those  samples.  As  shown  in  Figure  1,  histological  analyses  of  those 
mice  did  not  show  any  significant  differences  in  the  morphology  of  those  prostates  which 
uniformly  were  cancerous.  Therefore,  we  conclude  that  neuroendocrine  cells  probably  do 
not  contribute  to  the  development  (or  initiation)  of  prostatic  adenocarcinoma. 


This  task  is  therefore  completed. 


lc:  Castration  and  observation  of  the  development  of  castration-resistant  tumors 
(Time  frame:  Months  24-36) 

The  goal  of  this  aim  is  to  determine  if  neuroendocrine  cells  contribute  to  the  appearance 
of  castration-resistant  prostate  cancer  after  hormonal  therapy.  Most  of  the  animals  with 
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the  appropriate  genotypes  have  been  used  for  aim  lb.  However,  we  did  use  4  mice  (two 
each  of  toxin+  and  control)  and  castrated  them  at  the  age  of  19  weeks  and  continued  till 
33  weeks.  An  interesting  difference  was  seen  between  the  groups  carrying  the  toxin  gene 
CR2-tcudn+  cR2-ioxin-  vs.  the  control  group.  Both  groups  have 

smaller  prostates  than  intact  controls  due  to 
castration,  and  the  morphology  of  the 
prostate  is  classified  as  PIN,  rather  than  that 
of  invasive  cancer.  However,  the  toxin  group 
seems  to  have  more  limited  PIN  than  the 
control  group.  Due  to  the  limited  number  of 
mice  in  this  preliminary  study,  we  can  not 
make  a  firm  conclusion  about  whether  the  neuroendocrine  cells  might  play  a  role  in 
castration-resistant  growth  of  the  Pten- loss  induced  prostate  cancer. 

We  are  continuing  to  collect  mice  with  the  desired  genotypes  to  complete  this  aim.  We 
will  focus  on  the  impact  of  castration  on  the  prostate  cancer  development  in  these  mice, 
and  analyze  them  at  various  time  periods  post  castration  to  dissect  the  role  of 
neuroendocrine  cells  in  castration-resistant  development  of  prostate  cancer. 

Research  accomplishments  associated  with  Task  2:  In  this  task,  we  will  procure 
fresh  human  prostate  cancer  tissue,  separate  tumor  from  benign  prostate,  separate 
epithelial  cells  into  NE  and  non-NE  cells,  and  perform  tissue  regeneration 
experiments  to  determine  if  NE  cells  are  essential  in  tumor  initiation  and 
progression 

2a.  Procurement  of  fresh  human  prostate  cancer  tissue,  separate  tumor  from  benign 
prostate,  separate  tumor  cells  into  NE  and  non-NE  tumor  cells  (Time  frame: 

Months  1  -  36) 

This  task  has  been  completed  and  reported  in  last  year’s  annual  report 

2b.  Tissue  regeneration  experiment  to  determine  if  NE  cells  are  involved  in  tumor 
initiation  (Time  frame:  Months  1  -  24) 

In  an  attempt  to  determine  the  role  of  distinct  epithelial  lineages  in  prostate  cancer 
development  and  progression,  we  have  generated  and  characterized  a  model  of  human 
prostate  cancer  initiated  from  naive  human  prostate  epithelial  cells  transduced  with  the 
oncogenes  Myc  and  myristoylated  AKT  (myrAKT).  Transduction  of  Trop2+CD49f1° 
CD26+  luminal  cells  and  Trop2+  CD56+  neuroendocrine  cells  did  not  result  in  any 
detectable  tumors.  In  contrast,  Trop2+  CD49fhl  CD26-  basal  cells  were  efficient  targets 
for  cancer  initiation.  These  results  suggest  that  NE  cells  are  not  required  for  tumor 
initiation,  similar  to  the  conclusion  we  have  drawn  from  the  animal  experiments  using 
toxin  to  ablate  the  NE  cells  in  pten-/-  mice  (aim  lb). 

Interestingly,  we  have  found  that  primary  tumors  derived  from  Myc/myrAKT- 
transformed  basal  cells  exhibit  a  heterogeneous  or  mixed  tumor  response,  containing 


52  weeks 
Castration  33  wks 


Fig.  2.  Expression  of  the  toxin  appears  to 
reduce  the  tumor  cell  proliferation. 
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features  of  both  adenocarcinoma  and  squamous  cell  carcinoma  (Figure  3).  Cells  bearing 
both  histological  phenotypes  are  human  in  origin  and  express  the  oncogenes  Myc  and 
AKT.  However,  several  markers  are  preferentially  expressed  in  one  or  the  other 
histological  subtype.  Expression  of  luminal-type  markers  Keratin  8,  CD26  and  androgen 
receptor,  and  the  neuroendocrine  marker  chromogranin  A  are  found  exclusively  in 
adenocarcinoma  tumor  foci.  In  contrast,  basal  cell  marker  Keratin  5,  Keratin  14,  and  p63 
are  exclusively  expressed  in  squamous  tumor  foci  (Figure  3). 


y"T"T""y  UGSM  NSG  Mouse 


CD49f 

_ Adenocarcinoma  markers _  _ Squamous  markers _  _ Oncogenes 


H&E  K8  CD26  AR  Chrom  A  K14  p63  KS  Myc  myrAKT 


Figure  3.  Schematic  of  naive  human  prostate  in  vivo  transformation.  Top:  CD45-Trop2+ 
epithelial  cells  were  sorted  based  on  CD49f  and  CD26  into  CD49fhlCD26"  basal-enriched  and 
CD49floCD26  luminal-enriched  subsets,  transduced  with  lentivirus  carrying  Myc,  myrAKT  or  both, 
combined  with  UGSM  cells  and  transplanted  into  NSG  mice.  Bottom:  Representative  adenocarcinoma  and 
squamous  regions  are  identified  based  on  staining  for  H&E  and  antibodies  against  luminal  markers  Keratin 
8  (K8),  CD26  and  androgen  receptor  (AR),  the  neuroendocrine  marker  chromogranin  A,  and 
basal/squamous  markers  Keratin  14  (K14),  p63  and  Keratin  5  (K5),  and  oncogenes  Myc  and 
myrAKT/pAKT.  Scale  bars,  100  pm. 


In  addition  to  separate  adenocarcinoma  and  squamous  tumor  foci,  we  also  found  mixed 
foci  containing  cells  with  both  histological  phenotypes.  Since  tumors  were  initiated  by 
lentiviral  delivery  of  oncogenes  into  basal  cells,  the  viral  sequence  randomly  integrates 
into  the  genome  of  the  target  cell  and  all  of  its  progeny.  We  isolated  DNA  from 
neighboring  adenocarcinoma  and  squamous  cells  within  a  mixed  tumor  foci,  and 
performed  PCR  extending  from  the  viral  DNA  into  the  host  genome  containing  the 
lentiviral  integration  site.  We  then  performed  deep  sequencing  and  aligned  reads  to  the 
genome.  Our  analysis  revealed  that  both  histological  phenotypes  are  derived  from  a 
common  clonal  cell  of  origin  (Figure  4). 
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Figure  4.  Distinct  histological  variants  in  heterogeneous  tumors  can  share  a  clonal 
origin.  (A)  Schematic  of  two  different  heterogeneous  tumors  containing  adenocarcinoma,  squamous  or 
both  phenotypes.  Regions  X,  Y  and  Z  were  further  studied  for  lentiviral  integration  site  analysis.  (B)  Laser 
capture  microdissection  was  performed  on  individual  glands  containing  both  squamous  and 
adenocarcinoma  phenotypes.  Representative  regions  X,  Y  and  Z  are  shown  with  serial  tissue  sections 
stained  with  K8  to  highlight  adenocarcinoma  and  either  p63  or  K5  to  highlight  squamous  regions.  Dotted 
lines  indicate  region  excised  using  laser  capture  microdissection.  Scale  bars,  100  pm.  (C)  Schematic  of 
lentiviral  integration  site  analysis.  LTR:  long  terminal  repeat  (viral  DNA),  PCR:  polymerase  chain  reaction. 
(D)  Venn  diagrams  depict  shared  lentiviral  integration  sites  in  DNA  isolated  and  amplified  from 
neighboring  adenocarcinoma  (red)  and  squamous  (green)  phenotypes  (region  X),  distinct  adenocarcinoma 
gland  (region  Y),  and  additional  neighboring  adenocarcinoma  and  squamous  phenotypes  (region  Z).  (E) 
Table  lists  all  unique  integration  sites  (IS)  with  genomic  location  identifiers  (chromosome,  orientation, 
nucleotide  position)  representing  at  least  1%  of  total  reads  (indicated  by  +)  in  each  sample.  Highlighted 
rows  in  yellow  represent  shared  IS  between  distinct  histological  phenotypes  in  the  same  region,  rows  in  red 
indicate  IS  unique  to  adenocarcinoma,  and  green  represent  IS  unique  to  squamous.  Note:  different  regions 
(X,  Y,  Z)  do  not  share  any  IS. 


2c.  Serial  transplantation  and  tissue  regeneration  to  determine  if  NE  cells  are 
involved  in  tumor  progression 

NE  cells  are  continually  found  in  tumors  suggesting  a  role  in  tumor  progression  and 
maintenance  [9].  As  described  above,  we  can  establish  aggressive  primary  human 
prostate  cancer  by  lentiviras-mediated  transduction  of  Myc  and  AKT  into  primary  cells 
combined  with  UGSM  cells  in  vivo  in  immune-deficient  mice. 


8 


To  determine  which  cell-types  are  capable  of  propagating  tumors,  we  utilized  the  antigen 
CD49f.  We  first  showed  that  CD49f  was  expressed  highly  in  the  basal  layers  of 
squamous  tumor  cells,  but  not  in  adenocarcinoma.  In  contrast,  adenocarcinoma  cells 
express  low  levels  of  CD49f.  We  then  fractionated  CD49fhl  and  CD49f^°  cells  and 
transplanted  both  into  recipient  mice.  Both  phenotypic  populations  were  competent  to 
propagate  tumors,  however  the  histologies  represented  in  the  tumors  differed.  CD49fhl 
cells  could  propagate  heterogeneous  mixed  tumors,  while  CD49I10  cells  could  only 
transplant  adenocarcinoma  (Figure  5). 


A 


HLA-A/B/C 


CD49f 


Secondary  tumor  derived  Secondary  tumor  derived 


from  CD49fli  cells  C  H&E  K8  CD26  K14  p63  U  from  CD49P1  cells 


Figure  5.  Two  phenotypic  cell  populations  can  propagate  tumors.  (A)  Tumors  initiated 
from  CD49fhl  cells  expressing  Myc  and  myrAKT  are  dissociated  to  single  cells,  stained  with  a  pan-HLA- 
A/B/C  human  antibody  and  gated  based  on  HLA+,  GFP+/RFP+  from  lentivirus  carrying  oncogenes 
myrAKT  (GFP)  and  Myc  (RFP),  and  further  sorted  into  CD49fhl  and  CD49f°  subsets.  Isolated  subsets  are 
transplanted  back  into  recipient  mice  and  harvested  6-12  weeks  later.  (B)  H&E-stained  overview  of  a 
representative  secondary  tumor  from  10,000  isolated  CD49 f*11  tumor  cells.  (C)  Both  squamous  and 
adenocarcinoma  (Adeno)  phenotypes  are  represented  in  secondary  tumors  as  distinguished  by  stains  for 
H&E,  K8,  CD26,  K14  and  p63.  Scale  bars,  50  pm.  (D)  H&E-stained  overview  of  a  representative 
secondary  tumor  generated  from  10,000  isolated  CD49f°  tumor  cells.  (E)  Only  the  adenocarcinoma 
phenotype  is  observed  as  evidenced  by  stains  for  H&E,  K8,  CD26,  K14  and  p63.  Scale  bars,  50  pm. 


While  high  levels  of  Myc  alone  or  AKT  alone  were  not  sufficient  to  drive  full 
progression  to  cancer,  the  combination  synergized  to  initiate  large  highly-proliferative 
tumors.  Dissociated  tumor  cells  were  capable  of  propagating  adenocarcinoma  upon 
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transplantation  into  mice.  Tumors  maintained  a  phenotype  that  was  Keratin  8+  and  p63- 
indicating  an  acinar-type  or  luminal-like  cell.  Importantly,  staining  for  chromogranin  A 
indicated  continued  presence  of  NE  cells  in  tumors.  Therefore,  we  separated  out  the 
CD56+  and  CD56-  fraction  from  aggressive  prostate  tumors  initiated  by  Myc  and  AKT, 
and  transplanted  each  subset  into  mice.  After  12  weeks,  only  the  CD56-  (NE-depleted) 
fraction  could  initiate  tumors,  demonstrating  that  in  this  model,  NE  cells  may  not  be 
required  for  tumor  propagation  (Figure  6). 


jLj  . 

.  V 

-  • 

'r  V  "  -  j 

Phenotype  of 
cell  population 


#  cells  (tumors  /  implantations) 


CD56+ 

CD5G- 


5000 

5000 


1/5 

5/5 


CD56-  tumor  cells  regenerate  secondary  tumors 


Tumor-propagating 
cells  do  not  express  the 

neuroendocrine  cell  marker  CD56. 

lo 

CD49f 

CD56+  tumor  cells  do  not  regenerate  tumors 


cells  from  primary  regenerated  tumors  were  transplanted  into  recipient  mice  to  establish  secondary  tumors. 
(A)  Secondary  tumors  were  stained  for  chromogranin  A  to  detect  rare  neuroendocrine-like  cells.  Scale  bars, 
50  pm.  (B)  Secondary  tumor  cells  were  sorted  based  on  HLA+  RFP+  GFP+  and  further  divided  into 
CD56+/-  fractions  and  transplanted  into  recipient  mice.  (C)  Tumors  formed  consistently  from  the 
transplantation  of  5000  CD56-  cells  but  only  one  tumor  formed  out  of  five  transplantations  of  5000  CD56+ 
cells.  (D)  A  representative  secondary  tumor  derived  from  CD 5 6-  tumor  cells  is  stained  for  H&E.  (E)  A 
representative  graft  comprised  of  mesenchymal  cells  without  a  detectable  tumor  is  shown,  stained  for  H&E. 
Scale  bars,  1  mm.  Magnified  image,  200  pm. 

Therefore,  we  have  successfully  completed  the  entire  Task  2. 


Research  accomplishments  associated  with  Task  3:  In  this  task,  we  will  procure 
fresh  human  prostate  cancer  tissue,  separate  tumor  from  benign  prostate,  separate 
epithelial  cells  into  NE  and  non-NE  cells,  and  perform  tissue  regeneration 
experiment  to  determine  if  SV40  T  antigen  induces  SCNC  in  NE  cells  and  if  p53  is 
the  molecular  targets 

3a:  Same  as  2a  (completed) 

3b.  Tissue  regeneration  experiment  to  determine  if  NE  cells  are  the  cells  of  origin 
for  SCNC  (Time  frame:  Months  1  -  24) 
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Dissociated  naive  benign  human  prostate  tissue  was  separated  by  FACS  into  CD56+ 
(NE-enriched)  and  CD56-  (NE-depleted)  fractions  and  then  transduced  with  lentivirus 
carrying  the  SV40  Large  T-antigen.  Transduced  cells  were  combined  with  UGSM  and 
transplanted  into  mice  in  vivo.  Dissociated  cells  from  two  different  patients  were  tested 
and  no  growths  were  established  from  either  the  CD56+  (NE  cells)  or  CD56-  (non-NE) 
fraction.  These  findings  suggest  that  the  NE  cells  in  this  model  are  incapable  of 
generating  small  cell  neuroendocrine  carcinoma. 

This  task  is  therefore  completed. 

3c.  Tissue  regeneration  experiment  to  determine  if  p53  is  the  molecular  target  for 
SCNC  (Time  frame:  Months  12  -  36) 

To  be  performed 

Key  Research  Accomplishments 

1) .  We  have  demonstrated  that  neuroendocrine  cells  are  not  required  for  tumor  initiation 
in  a  pten  knockout  mouse  prostate  cancer  model. 

2) .  Preliminary  studies  indicate  that  neuroendocrine  cells  may  play  an  important  role  in 
the  progression  of  prostate  cancer  to  the  castration  resistant  stage  in  the  pten  knockout 
model.  A  large  number  of  animals  are  being  collected  to  confirm  this  finding  definitively. 

3) .  With  the  tissue  recombination  model,  tumors  can  be  generated  using  the 
neuroendocrine  cell-depleted  basal  cells,  suggesting  that  neuroendocrine  cells  are  not 
required  for  tumor  initiation 

4) .  In  the  tissue  recombination  model,  NE  cells  are  not  required  for  the  propagation  of 
established  tumors. 

5) .  Neuroendocrine  cells  are  incapable  of  initiating  small  cell  neuroendocrine  carcinoma 
in  the  tissue  recombination  model. 

Reportable  outcomes 

Manuscripts,  abstracts,  presentations; 

Manuscripts: 

1.  Chen  H,  Sun  Y,  Wu  C,  Magyar  E,  Li  X,  Cheng6  L,  Yao  JL,  Shen  S,  Osunkoya  AO, 
Liang  C  and  Huang  J.  Pathogenesis  of  Prostatic  Small  Cell  Carcinoma  Involves  the 
Inactivation  of  the  P53  Pathway.  Endocr  Relat  Cancer.  2012;19:321-331.  PMID: 
22389383 

2.  Ding  B,  Sun  Y,  Huang  J.  Overexpression  of  SKI  oncoprotein  leads  to  P53 
degradation  through  regulation  of  MDM2  sumoylation.  J  Biol  Chem. 
2012;287:14621-30.PMID:  22411991 

3.  Tai  S,  Sun  Y,  Liu  N,  Ding  B,  Hsia  E,  Bhuta  S,  Thor  RK,  Damoiseaux  R,  Liang  C  and 
Huang  J.  Combination  of  RadOOl  (Everolimus)  and  Propachlor  synergistically 
induces  apoptosis  through  enhanced  autophagy  in  prostate  cancer  cells.  Mol  Cancer 
Ther.  2012;  11:1320-31;  PMID:  22491797 
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Prostate  Cancer  Cell  Population  Harbors  Self-Renewing  Long-Term  Tumor- 
Propagating  Cells  that  Resist  Castration.  Cell  Stem  Cell.  2012;10:556-69. 

5.  Liu  N,  Tai  S,  Ding  B,  Thor  RK,  Bhuta  S,  Sun  Y  and  Huang  J.  Arsenic  trioxide 
synergizes  with  Everolimus  (RadOOl)  to  induce  cytotoxicity  of  ovarian  cancer  cells 
through  increased  autophagy  and  apoptosis  Endocr  Relat  Cancer.  2012;  19:71 1-23. 
PMID:  22919067 

6.  Paik  DY,  Janzen  DM,  Schafenacker  AM,  Velasco  VS,  Shung  MS,  Cheng  D,  Huang 
J,  Witte  ON,  Memarzadeh  S.  Stem-Like  Epithelial  Cells  are  Concentrated  in  the 
Distal  End  of  the  Fallopian  Tube:  A  Site  for  Injury  and  Serous  Cancer  Initiation. 

Stem  Cells.  2012;  30:2487-97.  PMID:  22911892 

7.  Stoyanova  T,  Goldstein  AS,  Cai  H,  Drake  JM,  Huang  J,  Witte  ON.  Regulated 
proteolysis  of  Trop2  drives  epithelial  hyperplasia  and  stem  cell  self-renewal  via  P- 
catenin  signaling.  Genes  Dev.  2012;  26:2271-85.  PMID:  23070813 

8.  Sonn  GA,  Natarajan  S,  Margolis  DJ,  Macairan  M,  Lieu  P,  Huang  J,  Dorey  FJ,  Marks 
LS.  Targeted  Biopsy  in  the  Detection  of  Prostate  Cancer  Using  an  Office  Based 
Magnetic  Resonance  Ultrasound  Fusion  Device.  J  Urol.  2012;  189:86-92.  PMID: 
23158413 
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10.  Huang  J,  Wang  JK,  and  Sun  Y.  Molecular  Pathology  of  Prostate  Cancer  Revealed 
by  Next  Generation  Sequencing:  Opportunities  for  Genome -Based  Personalized 
Therapy.  Curr  Opin  Urol.  2013  Feb  4.  [Epub  ahead  of  print]  PMID:  23385974 

1 1.  Li  Z,  Chen  CJ,  Wang  JK,  Hsia  E,  Squires  J,  Sun  Y  and  Huang  J.  Neuroendocrine 
Differentiation  of  Prostate  Cancer.  Asian  Journal  of  Andrology  2013  Mar  18.  doi: 
10.1038/aja.2013.7.  [Epub  ahead  of  print]  PMID:  23503426 

12.  Ittmann  M,  Huang  J,  Radaelli  E,  Martin  P,  Signoretti  S,  Sullivan  R6,  Simons  BW, 
Ward  JM ,  Robinson  BD,  Chu  GC,  Loda  M,  Thomas  G,  Borowsky  A  and  Cardiff 
RD.  Animal  models  of  human  prostate  cancer:  The  Consensus  Report  of  the  New 
York  Meeting  of  the  Mouse  Models  of  Human  Cancers  Consortium  Prostate 
Pathology  Committee.  Cancer  Research  2013  Apr  22.  [Epub  ahead  of  print]  PMID: 
23610450 

13.  An  J,  Liu  H,  Magyar  CE,  Guo  Y,  Veena  MS,  Srivatsan  ES,  Huang  J,  Rettig  MB. 
Hyperactivated  JNK  Is  a  Therapeutic  Target  in  pVHL-Deficient  Renal  Cell 
Carcinoma.  Cancer  Res.  2013  Feb  15;73(4):  1374-85  PMID:  23393199 

14.  Sonn  GA,  Chang  E,  Natarajan  S,  Margolis  DJ,  Macairan  M,  Lieu  P,  Huang  J,  Dorey 
FJ,  Reiter  RE,  Marks  LS.  Value  of  Targeted  Prostate  Biopsy  Using  Magnetic 
Resonance-Ultrasound  Fusion  in  Men  with  Prior  Negative  Biopsy  and  Elevated 
Prostate-specific  Antigen.  Eur  Urol.  2013  Mar  17.  [Epub  ahead  of  print]  PMID: 
23523537 
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0206  (PI:  L.  Wu) 
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Title:  Disrupting  the  Pro-Tumorigenic  Influences  of  Tumor-Infiltrating  Myeloid 
Cells  by  CSF1R  Blockade  to  Augment  Androgen  Deprivation  Therapy  in  Prostate 
Cancer 

Direct  cost:  $150,000/yr 
Percentage  effort:  5% 

Role:  co-PI 

2  Stand-up-to-Cancer  Dream  Team  Award  (PI:  Small  and  Witte) 

Period:  1/01/2013  -12/31/2015 

Title:  Targeting  Adaptive  Pathways  in  Metastatic  Treatment-Resistant  Prostate 
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Award  (PI:  Robert  Reiter) 

Period:  01/01/2013  -  12/31/2015 

Title:  Preventing  Treatment  Resistance  by  Co-Targeting  Androgen  Receptor  and 
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Role:  Co-PI  and  Pathologist 


CONCLUSION: 


This  project  continues  to  progress  well  and  we  are  on  target  to  complete  all  the  proposed 
tasks.  We  have  demonstrated  that  neuroendocrine  cells  are  not  required  for  tumor 
initiation  in  a  pten  knockout  mouse  prostate  cancer  model,  and  our  preliminary  studies 
indicate  that  neuroendocrine  cells  may  play  an  important  role  in  the  progression  of 
prostate  cancer  to  the  castration  resistant  stage  in  the  pten  knockout  model.  A  large 
number  of  animals  are  being  collected  to  confirm  this  finding  definitively. 

Using  the  tissue  recombination  model,  we  have  demonstrated  that  neuroendocrine  cells 
are  not  required  for  tumor  initiation.  Similarly,  they  may  not  be  required  for  the 
propagation  of  established  tumors.  In  addition,  neuroendocrine  cells  are  incapable  of 
initiating  small  cell  neuroendocrine  carcinoma  in  the  tissue  recombination  model. 

The  support  by  DOD  has  resulted  in  extremely  high  scientific  productivity  from  our 
laboratory.  Since  the  last  annual  report,  we  have  published  a  total  of  14  papers  in 
respected  scientific  journals,  with  the  PI  being  the  corresponding  author  on  6  of  them.  We 
have  presented  10  abstracts  in  various  scientific  meetings  and  the  PI  has  been  invited  to 
give  presentations  by  many  academic  institutions  and  national  and  international 
conferences.  We  have  also  received  more  grant  funding  from  DOD,  Stand-up-to-Cancer 
foundation  and  the  Prostate  cancer  foundation.  We  are  very  proud  of  the 
accomplishments  we  have  made  with  the  funding  from  DOD. 
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Abstract 

Small  cell  neuroendocrine  carcinoma  (SCNC)  of  the  prostate  is  a  variant  form  of  prostate  cancer 
that  occurs  de  novo  or  as  a  recurrent  tumor  in  patients  who  received  hormonal  therapy  for 
prostatic  adenocarcinoma.  It  is  composed  of  pure  neuroendocrine  (NE)  tumor  cells,  but  unlike  the 
scattered  NE  cells  in  benign  prostate  and  adenocarcinoma  that  are  quiescent,  the  NE  cells  in 
SCNC  are  highly  proliferative  and  aggressive,  causing  death  in  months.  In  this  study,  we  provide 
evidence  that  interleukin  8  (IL8)-CXCR2-P53  (TP53)  signaling  pathway  keeps  the  NE  cells  of 
benign  prostate  and  adenocarcinoma  in  a  quiescent  state  normally.  While  P53  appears  to  be  wild- 
type  in  the  NE  cells  of  benign  prostate  and  adenocarcinoma,  immunohistochemical  studies  show 
that  the  majority  of  the  NE  tumor  cells  in  SCNC  are  positive  for  nuclear  p53,  suggesting  that  the 
p53  is  mutated.  This  observation  is  confirmed  by  sequencing  of  genomic  DNA  showing  p53 
mutation  in  five  of  seven  cases  of  SCNC.  Our  results  support  the  hypothesis  that  p53  mutation 
leads  to  inactivation  of  the  IL8-CXCR2-p53  signaling  pathway,  resulting  in  the  loss  of  an 
important  growth  inhibitory  mechanism  and  the  hyper-proliferation  of  NE  cells  in  SCNC. 
Therefore,  we  have  identified  potential  cells  of  origin  and  a  molecular  target  for  prostatic  SCNC 
that  are  very  different  from  those  of  conventional  adenocarcinoma,  which  explains  SCNC’s  distinct 
biology  and  the  clinical  observation  that  it  does  not  respond  to  hormonal  therapy  targeting 
androgen  receptor  signaling,  which  produces  short-term  therapeutic  effects  in  nearly  all  patients 
with  prostatic  adenocarcinoma. 
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Introduction 

Prostate  cancer  (PC)  is  the  most  common  malignancy 
in  men  and  the  second  leading  cause  of  cancer-related 
deaths  (Cooperberg  et  al.  2004).  Normal  prostate 
epithelium  contains  luminal  epithelial  cells,  basal  cells, 
and  a  minor  component  of  neuroendocrine  (NE)  cells 


that  are  scattered  throughout  the  prostate  (Vashchenko 
&  Abrahamsson  2005,  Huang  et  al.  2007,  Yuan  et  al. 
2007,  Sun  et  al.  2009).  The  majority  of  PCs  are 
classified  as  adenocarcinomas  characterized  by 
absence  of  basal  cells  and  uncontrolled  proliferation 
of  malignant  tumor  cells  with  luminal  cell  features 
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including  glandular  formation  and  expression  of 
androgen  receptor  (AR)  and  prostate- specific  antigen 
(PSA).  Interestingly,  every  case  of  prostatic  adeno¬ 
carcinoma  also  contains  a  small  population  (usually 
~  1%)  of  NE  cells  (Vashchenko  &  Abrahamsson  2005, 
Huang  et  al.  2007,  Yuan  et  al.  2007,  Sun  et  al.  2009). 
The  NE  cells  in  adenocarcinoma  share  many  important 
features  with  those  in  the  benign  prostate.  In  contrast  to 
the  luminal-type  non-NE  tumor  cells,  the  NE  tumor 
cells  do  not  express  AR  and  PSA  (Bonkhoff  2001, 
Huang  et  al.  2006).  Importantly,  unlike  the  bulk,  non- 
NE  tumor  cells,  NE  cells  in  benign  prostate  and 
adenocarcinoma  are  normally  quiescent  (Bonkhoff 
2001,  Huang  et  al.  2006). 

While  adenocarcinomas  comprise  the  majority  of 
PC,  there  are  variant  forms  among  which  small  cell 
neuroendocrine  carcinoma  (SCNC)  is  an  important 
histological  subtype  that  is  often  seen  in  patients  with 
advanced  disease.  Prostatic  SCNC  is  composed  of 
tumor  cells  with  NE  phenotype  (Grignon  2004).  In 
comparison  to  adenocarcinoma,  which  usually  shows 
glandular  formation,  SCNC  has  a  solid,  sheet-like 
growth  pattern  but  no  glandular  formation.  Tumor  cells 
are  small  with  fine  chromatin  pattern,  scant  cytoplasm, 
and  nuclear  molding.  Mitotic  figures,  crush  artifact, 
and  tumor  necrosis  are  frequent  findings  (Yao  et  al. 
2006,  Huang  et  al.  2007,  Wang  &  Epstein  2008). 
Although  SCNCs  may  arise  de  novo ,  such  tumors  are 
often  seen  as  recurrent  tumors  after  hormonal  therapy 
for  conventional  adenocarcinomas  of  the  prostate 
(Miyoshi  et  al.  2001,  Tanaka  et  al.  2001).  The 
prevalence  of  this  disease  is  likely  underestimated 
because  patients  with  advanced  and  metastatic  diseases 
usually  do  not  undergo  tissue  diagnosis.  Accurate 
diagnosis  of  SCNC  is  important  as  such  tumors  do  not 
respond  to  hormonal  therapy  targeting  the  AR 
signaling  pathway  (Brown  et  al.  2003),  which  produces 
a  short-term  therapeutic  effect  in  nearly  all  cases  of 
prostatic  adenocarcinoma  (Scher  2003). 

The  NE  tumor  cells  in  prostatic  SCNCs  share  many 
features  with  those  in  benign  prostate  and  prostatic 
adenocarcinoma.  For  example,  they  contain  dense-core 
secretory  granules  when  examined  by  electron 
microscopy  and  are  usually  positive  for  NE  markers 
chromogranin  A  (CgA)  and  synaptophysin  by  immu- 
nohistochemistry.  However,  unlike  the  NE  cells  in 
benign  prostate  and  prostatic  adenocarcinoma  that  are 
quiescent,  the  NE  tumor  cells  in  prostatic  SCNCs  are 
highly  proliferative,  leading  to  early  metastasis 
(Erasmus  et  al.  2002),  and  the  patients  usually  die 
within  months  of  diagnosis.  The  molecular 
mechanisms  responsible  for  the  aggressive  biological 
behavior  of  the  NE  tumor  cells  in  prostatic  SCNC 


remain  unknown.  Here,  we  provide  evidence  that  the 
interleukin  8  (IL8)-CXCR2-p53  (TP53)  pathway  may 
be  important  in  keeping  the  NE  cells  in  benign  prostate 
and  prostatic  adenocarcinoma  in  a  quiescent  state, 
and  inactivation  of  the  pathway  due  to  p53  mutation 
may  be  responsible  for  the  rapid  proliferation  of  NE 
cells  in  prostatic  SCNC. 

Materials  and  methods 

Cell  culture  and  transfection 

LNCaP  cells  were  maintained  in  RPMI-1640  medium 
supplemented  with  10%  fetal  bovine  serum,  2  mM 
L-glutamine,  penicillin  (100  U/ml),  and  streptomycin 
(100  pg/ml)  in  a  humidified  atmosphere  of  5%  C02 
maintained  at  37  °C.  pcDNA3  vector  or  pcDNA3- 
CXCR2  was  transfected  into  LNCAP  cells  with 
Lipofectamine  2000  (Invitrogen),  and  stable  clones 
were  selected  with  G418  at  300  pg/ml  for  30  days. 
For  siRNA  transfection,  Dharmafect  #2  was  used 
with  siRNA  at  100  nM  for  p53  (duplex  sequences 
are  5;-rCrCrA  rCrCrArUrCrCrArCrUrArCrArArCr- 
Ur ArCr ArUrGT G- 3 7 ,  5  7-rCr ArCr ArUrGrUr ArGrUr- 
UrGrUr ArGrUrGrGr ArUrGrGrUrGrGrUr A- 3 ') .  For 
expression  of  p53  in  PC3  cells,  GFP  expression 
plasmid  with  a  ratio  of  9: 1  to  CMV-driven p53  plasmid 
were  transfected  with  Fugene  6,  3  days  later,  IL8  was 
added,  and  the  number  of  GFP-positive  cells  were 
counted  using  Acumen  laser  cytometer. 

Immunoblot  analysis 

Cells  were  washed  with  PBS  and  lysed  in  RIPA  buffer 
(50  mM  Tris,  pH  7.4,  150  mM  NaCl,  1%  Triton  X-100, 
0.5%  deoxycholate,  0.1%  SDS)  containing  protease 
inhibitor  cocktail  for  15  min  at  4  °C.  Cell  lysates  were 
centrifuged  and  supernatants  were  collected.  Equal 
amounts  of  proteins  were  resolved  on  SDS-PAGE  gels 
and  transferred  to  polyvinylidene  fluoride  (PVDF) 
membranes.  The  resulting  blots  were  blocked  in  5% 
nonfat  dry  milk  for  30  min  followed  by  incubation  with 
primary  antibody  against  CXCR2  (Cat.  no.  555932; 
BD  Biosciences,  San  Diego,  CA,  USA).  HRP- 
conjugated  secondary  antibody  and  super  signal  west 
pico  chemiluminescent  substrate  (Thermo  Fisher 
Scientific,  Waltham,  MA,  USA)  were  used  to  visualize 
antigen-antibody  complexes. 

Flow  cytometry  analysis 

Flow  cytometry  analysis  was  performed  as  described 
previously  (Palapattu  et  al.  2009)  using  a  fluorescein 
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isothiocyanate  (FITC)  conjugated  anti-CXCR2 
antibody  (BD  Biosciences). 

Cell  proliferation  assay 

Cells  were  seeded  into  96- well  microplates  and  10  nM 
IL8  were  added  to  the  culture  24  h  after  seeding  for 
6  days  with  the  cell  number  determination  at  days  0,  2, 
4,  and  6  using  CellTiter  Glo  assay  (Promega)  according 
to  the  manufacture’s  protocol. 

RNA  isolation  and  quality  control  and  microarray 
hybridization 

Total  RNA  was  isolated  using  the  RNeasy  Mini  Kit 
(Qiagen)  according  to  the  manufacturer’s  instructions. 
RNA  integrity  was  evaluated  using  an  Agilent  2100 
Bioanalyzer  (Agilent  Technologies,  Palo  Alto,  CA, 
USA)  and  purity/concentration  was  determined  using  a 
NanoDrop  8000  (NanoDrop  Products,  Wilmington,  DE, 
USA).  Microarray  targets  were  prepared  using  Messa- 
geAmp  Premier  RNA  Amplification  Kit  (Ambion)  and 
hybridized  to  the  Affymetrix  GeneChip  U133plus  2.0 
Array  (Affymetrix,  Inc.,  Santa  Clara,  CA,  USA) 
according  to  the  manufacturers’  instructions.  The  arrays 
were  washed  and  stained  with  streptavidin  phycoery- 
thrin  in  Affymetrix  Fluidics  Station  450  using  the 
Affymetrix  GeneChip  protocol  and  then  scanned  using 
an  Affymetrix  GeneChip  Scanner  3000. 

Microarray  data  analysis 

The  acquisition  and  initial  quantification  of  array  images 
were  conducted  using  the  AGCC  Software  (Affymetrix, 
Inc.).  The  subsequent  data  analyses  were  performed  using 
Partek  Genomics  Suite  version  6.4  (Partek,  Inc.,  St.  Louis, 
MO,  USA).  Differentially  expressed  genes  were  selected 
at  >  1 .5-fold  and  P  <  0.05.  Cluster  analyses  and  principal 
component  analysis  were  conducted  with  Partek  default 
settings.  Biofunctional  analysis  was  performed  using 
Ingenuity  Pathways  Analysis  Software  version  7.6 
(Ingenuity  Systems,  Redwood  City,  CA,  USA). 

Construction  of  tissue  microarrays  and 
immunohistochemical  staining 

Construction  of  tissue  microarray  (TMA)  and  immunohis¬ 
tochemical  staining  has  been  described  previously  (Huang 
et  al.  2005).  Three  hundred  cases  of  prostatectomy 
specimens  were  reviewed  and  representative  cancer  and 
benign  areas  were  circled.  The  cancer  and  benign  prostate 
tissues  were  then  transferred  from  donor  blocks  to  recipient 
blocks  to  construct  tissue  microarray  blocks.  H&E  sections 
were  prepared  from  the  top  for  quality  control. 


For  immunohistochemical  studies,  paraffin  sections 
of  5  pm  thickness  were  prepared  from  regular  histo¬ 
logical  blocks  or  from  tissue  microarrays.  The  sections 
were  deparaffinized  with  xylene  and  rehydrated  through 
graded  ethanol.  Endogenous  peroxidase  activity  was 
blocked  with  3%  hydrogen  peroxide  in  methanol  for 
10  min.  Heat-induced  antigen  retrieval  (HIER)  was 
carried  out  for  all  sections  in  0.01  M  citrate,  pH  =  6.00, 
using  a  vegetable  steamer  at  95  °C  for  25  min.  Mouse 
monoclonal  anti-p53  antibody  (clone  1801,  Oncogene, 
OP09-100  pg,  used  at  1:50)  and  mouse  monoclonal 
anti-CgA  antibody  (clone  DAK-A3,  M0869,  used  at 
1:1000;  DakoCytomation  Carpinteria,  CA,  USA)  were 
used  as  primary  antibodies.  MACH2  Mouse  HRP- 
Polymer  (Cat  no.  #MHRP520L,  Biocare  Medical, 
Concord,  CA,  USA)  was  used  as  the  secondary 
antibody.  For  double  staining  of  p53  and  CgA,  the  two 
antibodies  were  used  sequentially.  3,3’-diaminobenzi- 
dine  (DAB,  brown)  and  alkaline  phosphatase  (AP,  red) 
were  used  as  chromogens. 

Genomic  sequencing  of  p53  exons 

Based  on  microscopic  examination,  small  cell  carci¬ 
noma  regions  in  paraffin  section  were  scraped  off  and 
collected  from  the  slides  followed  by  deparaffinization 
and  overnight  proteinase  K  digestion.  The  genomic 
DNA  was  purified  through  ethanol  precipitation  after 
phenol  and  chloroform  extraction.  Exons  5-10  of  p53 
were  amplified  by  PCR  followed  by  gel  electrophoresis 
analysis.  The  PCR  products  were  either  directly 
used  for  sequencing  if  there  is  specific  amplification 
or  gel  purified  and  sequenced  by  one  of  the  amplifying 
primers.  Primers  for  amplifications  are  as  follows: 
exon  5  forward  S'-GCCCTGTCGTCTCTCCAG-S', 
reverse  5/-GACTTTCAACTCTGTCTCCTTCC-3/; 
exon  6  forward  5/-CTTAACCCCTCCTCCCAGAG-3/, 
reverse  5/-CAGGCCTCTGATTCCTCACT-3/;  exon  7 
forward  5 ' - GTGTGC AGGGTGGC A AGT-  3 ' ,  reverse 
5/-CGACAGAGCGAGATTCCATC-3/;  exons  8  and  9 
forward  5  ;-C  GGC  ATTTT  G  AGT  GTT  AG  ACT  G-  3 7 , 
reverse  5/-GCCTCTTGCTTCTCTTTTCC-3/,  exon  10 
forward  5/-TGCATGTTGCTTTTGTACCG-3/,  reverse 
5  '-GGAGT  AGGGCC  AGGA  AGG-3 ' . 

Results 

Establishing  LNCaP  cell  lines  stably  expressing 
IL8  receptor  CXCR2 

We  have  previously  shown  that  NE  cells  in  benign 
prostate  and  prostatic  adenocarcinoma  express  IL8  and 
its  receptor  CXCR2  (Huang  et  al.  2005).  We 
hypothesized  that  the  autocrine  action  of  IL8-CXCR2 
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may  be  responsible  for  certain  function  of  NE  cells 
(Huang  et  al.  2005),  but  the  exact  consequence  of  this 
autocrine  action  was  unclear.  A  more  recent  publication 
showed  that  activation  of  CXCR2  by  IL8  leads  to  cellular 
senescence,  a  state  of  stable  proliferative  arrest,  via  a 
p53 -dependent  mechanism  (Acosta  et  al.  2008).  Thus, 
we  further  hypothesized  that  IL8-CXCR2-p53  pathway 
may  also  be  active  in  NE  cells  in  benign  prostate  and 
prostatic  adenocarcinoma,  which  maintains  these  cells  in 
a  quiescent  state. 

In  human  PC  tissue,  NE  cells  are  positive  for  IL8  and 
its  receptor  CXCR2  while  luminal  cells  are  negative 
for  both  (Huang  et  al.  2005).  LNCaP  cells  have 
features  of  prostatic  cancer  cells  with  luminal  (non- 
NE)  features  in  that  they  express  luminal  differen¬ 
tiation  markers  AR  and  PSA  but  not  NE  markers  CgA 
and  neuron- specific  enolase  (NSE)  (Palapattu  et  al. 
2009).  Accordingly,  there  is  no  detectable  expression 
of  IL8  and  a  very  low  level  of  CXCR2  in  LNCaP  cells. 

In  order  to  study  the  function  and  signaling  pathway 
of  CXCR2,  we  transfected  LNCaP  cells  with  pcDNA3- 
CXCR2  plasmid  to  obtain  LNCaP  cells  that  stably 
overexpress  CXCR2.  Figure  1  (A,  B  and  C)  shows  that 
we  have  established  LNCaP  cells  that  overexpress 
CXCR2  (LNCaP/CXCR2  cells),  as  confirmed  by 
immunoblot  as  well  as  flow  cytometric  analysis  with 
antibodies  against  CXCR2. 

Activation  of  CXCR2  by  IL8  inhibits  cell 
proliferation 

In  a  genetic  screen  to  identify  molecules  that  are 
critical  for  replicative  senescence,  it  was  found  that 
activation  of  CXCR2  by  IL8  leads  to  cellular 
senescence,  which  is  mediated  by  p53  (Acosta  et  al. 
2008).  Thus,  we  hypothesized  that  in  NE  cells  of 
benign  prostate  and  adenocarcinoma,  the  IL8- 
CXCR2-p53  pathway  may  be  responsible  for  keeping 
the  cells  in  a  quiescent  state  normally.  To  test  this 
hypothesis,  we  used  LNCaP  and  LNCaP/CXCR2  cells 
and  examined  their  proliferative  responses  to  IL8. 
As  shown  in  Fig.  ID,  IL8  inhibited  the  proliferation  of 
LNCaP/CXCR2  cells  but  not  the  parental  LNCaP  cells, 
a  finding  that  supports  our  hypothesis.  We  also 
examined  the  transcriptional  responses  to  IL8  by 
comparing  the  transcriptional  profiles  of  cells  with  or 
without  IL8  treatment.  As  shown  in  Fig.  IE,  IL8 
stimulation  induced  similar  changes  in  transcriptional 
profiles  at  1  and  12  h,  with  up-  or  downregulation  of  a 
variety  of  genes.  Interestingly,  activation  of  CXCR2  by 
IL8  led  to  altered  expression  of  many  genes  involved  in 
p53  signaling.  Functional  gene  family  analysis  showed 
that  among  the  genes  whose  expression  increased 


significantly  in  response  to  IL8  stimulation  were  those 
controlling  the  Gl/S  and  G2/M  transition  check  points. 
As  an  important  function  of  p53  is  in  the  cell  cycle 
control  and  growth  inhibition,  these  results  suggest  that 
growth  inhibition  of  LNCaP/CXCR2  cells  after 
activation  of  CXCR2  by  IL8  may  involve  the  p53 
pathway. 

P53  is  required  for  the  growth  inhibitory  function 
of  the  IL8-CXCR2  autocrine  pathway 

P53  was  shown  to  be  critical  in  mediating  the  IL8- 
CXCR2  signaling  to  induce  cellular  senescence 
(Acosta  et  al.  2008).  Similarly,  p53  may  also  be 
essential  in  the  growth  suppression  after  activation  of 
CXCR2  by  IL8  treatment  in  LNCaP/CXCR2  cells,  as 
suggested  by  our  microarray  studies.  To  directly  test 
this  hypothesis,  we  attempted  to  abrogate  p53  function 
in  LNCaP/CXCR2  cells  to  determine  whether  a  loss  of 
P53  activity  would  change  the  growth  response  toward 
IL8  treatment.  P53  protein  is  of  wild- type  in  LNCaP 
cells  (van  Bokhoven  et  al.  2003),  thus  inactivation  of 
p53  activity  can  be  achieved  through  reduction  of  the 
endogenous  wild-type  protein.  We  used  a  transient 
transfection  method  to  introduce  siRNA  to  reduce  the 
endogenous  P53  level  in  LNCaP/CXCR2  cells.  As 
shown  in  Fig.  2 A,  we  were  able  to  significantly  reduce 
the  P53  level  by  siRNA  method.  Importantly,  IL8 
treatment  of  the  cells  with  reduced  P53  levels  resulted 
in  an  increase  in  cell  number  while  the  control  cells 
showed  reduced  cell  numbers  in  response  to  IL8 
treatment,  suggesting  that  P53  is  critically  important 
for  the  growth  inhibition  after  activation  of  CXCR2  by 
IL8.  The  results  also  suggest  that  in  the  absence  of 
functional  P53,  activation  of  CXCR2  by  IL8  may 
stimulate  cell  proliferation  via  a  different  signaling 
pathway. 

Our  group  has  recently  demonstrated  that  another 
commonly  used  PC  cell  line,  PC3,  possesses  features  of 
prostatic  SCNC  in  that  these  cells  are  negative  for 
luminal  differentiation  markers  AR  and  PSA  but 
positive  for  NE  markers  (Tai  et  al.  2011).  Similar  to 
NE  cells  in  benign  prostate  and  prostatic  adenocarci¬ 
noma,  PC3  cells  express  IL8  (Ma  et  al.  2009)  and 
CXCR2  (Reiland  et  al.  1999).  Contrary  to  NE  cells  in 
benign  prostate  and  prostatic  adenocarcinoma,  PC3 
cells  are  highly  proliferative  NE  cells  similar  to  human 
prostatic  SCNC.  We  hypothesized  that  loss  of  the 
growth  inhibitory  function  of  the  IL8-CXCR2-p53 
pathway  may  be  responsible  for  the  rapid  proliferation 
and  aggressive  behavior  of  PC3  cells.  In  support 
of  our  hypothesis,  it  has  been  reported  that  PC3 
cells,  unlike  LNCaP  cells,  contain  a  p53  mutation 
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Figure  1  Activation  of  CXCR2  by  IL8  inhibits  cell  proliferation  and  induces  changes  in  gene  expression  profile.  LNCaP  cells  were 
stably  transfected  with  a  plasmid-expressing  CXCR2,  a  receptor  for  IL8.  Real-time  PCR  (A),  western  blot  (B),  and  flow  cytometry  (C) 
analyses  show  that  CXCR2  is  not  expressed  in  the  parental  LNCaP  cells  but  highly  overexpressed  in  the  stable  cell  line.  (D)  LNCaP 
cells  transfected  with  vector  control  or  CXCR2  were  cultured  in  the  absence  or  presence  of  IL8.  IL8  significantly  inhibits  the 
proliferation  of  LNCaP  cells  expressing  CXCR2.  (E)  Microarray  analysis  shows  that  IL8  stimulation  of  LNCaP/CXCR2  cells  results  in 
significant  changes  of  gene  expression  profile.  Similar  changes  were  observed  at  1  and  12  h  after  IL8  treatment. 


(van  Bokhoven  et  al.  2003).  Therefore,  we  tested 
whether  forced  expression  of  wild-type  P53  may  restore 
the  function  of  the  IL8-CXCR2-P53  pathway  resulting 
in  inhibition  of  cellular  proliferation.  Similar  to  what 
was  reported  previously  (Isaacs  et  al.  1991),  introduc¬ 
tion  of  wild-type  P53  significantly  slowed  the  growth  of 
PC3  cells.  Additionally,  in  contrast  to  control  PC3  cells, 
IL8  treatment  of  PC3  cells  expressing  wild- type  P53  led 
to  reduced  cell  numbers.  These  data  suggest  that 
IL8-CXCR2-p53  pathway  plays  a  central  role  in 
mediating  growth  suppression  normally,  and  loss  of 
function  of  this  pathway  (such  as  a  P53  mutation)  can 
lead  to  increased  proliferation  in  NE  cells. 


Mutation  of  P53  in  NE  tumor  celis  of  prostatic 
SCNC 

NE  cells  in  benign  human  prostate  and  prostatic 
adenocarcinoma  are  quiescent  (Huang  et  al.  2007) 
but  those  in  prostatic  SCNC,  whether  arising  de  novo 
or  as  a  recurrent  tumor  in  patients  treated  with 
hormonal  therapy  for  adenocarcinoma,  are  highly 
proliferative  and  biologically  very  aggressive  (Yao 
et  al.  2006,  Wang  &  Epstein  2008).  The  underlying 
molecular  mechanism  responsible  for  such  a  difference 
is  unclear.  The  results  presented  above  are  consistent 
with  the  model  that  the  intact  IL8-CXCR2-P53 
pathway  may  be  responsible  for  keeping  the  NE  cells 
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Figure  2  p53  is  important  for  mediating  IL8  activity  in  LNCAP  and  PC3  cells.  (A)  Knocking  down  endogenous  p53  in  CXCR2- 
expressing  LNCaP  cells  leads  to  increase  in  cell  proliferation  in  response  to  IL8  treatment.  (B)  Expression  of  p53  renders  PC3  cells 
responsive  to  growth  inhibition  of  IL8.  GFP-positive  cells  were  counted  using  laser  microplate  cytometer  as  equivalent  to  p53 
expression  in  PC3  cells.  The  ratio  of  the  number  of  cells  in  the  presence  or  absence  of  IL8  was  tabulated. 


under  a  state  of  quiescence,  a  mechanism  that  has  been 
reported  in  senescent  cells  (Acosta  et  al.  2008). 
Therefore,  we  further  hypothesized  that  the  reason 
the  NE  tumor  cells  in  prostatic  SCNC  are  highly 
proliferative  and  biologically  aggressive  is  because  this 
important  growth-inhibitory  pathway  is  inactivated  in 
such  cells.  As  mutation  of  P53  represents  the  most 
common  genetic  alteration  of  human  malignancies,  we 
further  hypothesized  that  P53  mutation  is  a  funda¬ 
mental  molecular  change  responsible  for  the  aggres¬ 
sive  biological  behavior  of  prostatic  SCNC  as  has  been 
observed  in  PC3  cells,  a  cell  line  that  is  characteristic 
of  human  prostatic  SCNC  (Tai  et  al.  2011). 

It  is  well  known  that  p53  mutation  causes  prolonged 
half-life  and  subsequent  nuclear  accumulation  of 
the  p53  protein,  which  then  becomes  detectable 
by  immunohistochemistry  (Schlomm  et  al.  2008, 
Kudahetti  et  al.  2009).  Therefore,  we  performed 
immunohistochemistry  to  observe  p53  nuclear  staining 
in  NE  cells  of  benign  prostate,  prostatic  adenocarci¬ 
noma,  and  SCNC.  Adjacent  sections  were  prepared 
from  tissue  microarrays  containing  150  cases  (300 
cores)  of  prostatic  adenocarcinoma  and  an  equal 
number  of  benign  prostate  from  the  same  patients. 
We  had  shown  that  the  two  adjacent  sections  prepared 
in  this  manner  contained  essentially  identical  cells  and 


such  sections  are  useful  in  identifying  proteins 
specifically  expressed  in  prostatic  NE  cells  (Huang 
et  al.  2005,  2006,  Wu  et  al.  2006).  To  determine 
whether  NE  cells  in  benign  prostate  tissue  and 
adenocarcinoma  are  positive  for  nuclear  p53  staining, 
the  first  sections  from  the  tissue  microarrays  were 
stained  with  an  anti-CgA  antibody  to  highlight  NE  cells 
as  CgA  is  widely  considered  the  most  sensitive  and 
specific  marker  for  prostatic  NE  cells  (Vashchenko  & 
Abrahamsson  2005,  Huang  et  al.  2007,  Yuan  et  al. 
2007)  and  the  second  sections  stained  with  an 
anti-p53  antibody.  The  stained  slides  were  scanned 
and  analyzed  using  the  Ariol  SL-50  scanner  with 
thresholds  applied  for  RGB  algorithms,  shapes,  and 
sizes.  The  number  of  nuclei  and  positively  stained  cells 
were  counted  and  separately  recorded.  Benign  cores 
(ft  =  300)  in  the  TMAs  contained  1353  NE  cells 
(representing  0.33%  of  total  cells)  and  3297  p53  + 
cells  (representing  0.84%  of  total  nuclei);  cancer  cores 
(ft  =  300)  had  1331  NE  cells  (representing  0.23%  of 
total  cells)  and  4646  p53+  cells  (representing  0.9% 
of  total  nuclei).  As  has  been  described  previously, 
the  NE  cells  were  present  as  individual  cells  or  small 
clusters  (Huang  et  al.  2007).  The  p53-positive  cells 
in  benign  prostate  appear  to  be  mostly  basal  cells 
while  in  adenocarcinoma,  the  p5 3-positive  cells  were 
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mostly  individual  tumor  cells.  Importantly,  when  the 
corresponding  cores  in  the  two  TMA  sections  were 
matched  and  compared,  there  was  no  overlap  between 
CgA  +  and  p53  +  cells,  supporting  the  conclusion  that 
the  NE  cells  were  negative  for  p53  nuclear  staining  and 
the  scattered  nuclear  p53  +  cells  were  not  the  NE  cells 
(Fig.  3A  and  B).  To  confirm  this  finding,  we  also 
performed  double  staining  for  CgA  and  p53  on  the  same 
TMA  section.  We  again  showed  that  CgA  staining 
(cytoplasmic)  and  p53  staining  (nuclear)  did  not  exist  in 
the  same  cells  (Fig.  3C).  These  results  suggest  that  in 
benign  prostate  and  prostatic  adenocarcinoma,  the  NE 
cells  likely  have  wild-type  p53. 

To  determine  whether  p53  mutation  may  be  present  in 
prostatic  SCNC,  we  usedimmunohistochemistry  to  study 
p53  expression  in  31  cases  of  prostatic  SCNC  using 
regular  histological  sections.  Unlike  NE  cells  in  benign 
prostate  or  prostatic  adenocarcinoma,  the  NE  tumor  cells 


in  prostatic  SCNCs  were  positive  for  p53,  with  74% 
(23/31)  of  the  cases  showing  positivity  in  50-100%  cells 
and  the  remaining  26%  (8/31)  of  the  cases  with  positivity 
in  5-50%  cells  (Fig.  4A  and  B).  As  nuclear  staining  of 
p53  results  from  prolonged  half-life  of  the  protein  after 
mutations,  these  results  suggest  that  most,  if  not  all, 
prostatic  SCNCs  contain  mutations  in  the  p53  gene. 

To  directly  examine  the  possible  mutations  of  the 
p53  gene  in  the  SCNC,  we  obtained  formalin-fixed, 
paraffin-embedded  tissue  from  seven  cases  of  prostatic 
SCNC  and  extracted  genomic  DNA  from  them.  Exons 
5-10  of  p53  were  amplified  by  PCR  followed  by  direct 
sequencing.  As  shown  in  Fig.  4C,  this  analysis 
indicated  that  five  out  of  seven  tumor  samples  contain 
an  identical  allele  of  a  missense  transition  converting  G 
to  A  at  position  747,  changing  negatively  charged 
aspartic  acid  to  hydrophilic  amino  acid  asparagine  at 
amino  acid  184,  again  supporting  our  hypothesis  that 
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Figure  3  NE  cells  in  benign  and  adenocarcinoma  of  prostate  are  negative  for  nuclear  P53  staining.  (A)  Adjacent  sections  of  benign 
prostate  were  stained  with  anti-CgA  and  anti-P53  antibodies  respectively.  The  upper  panel  shows  that  NE  cells  (CgA  + ,  arrows)  are 
negative  for  nuclear  P53.  The  lower  panel  shows  that  the  scattered  P53+  cells  (arrows)  were  not  NE  cells  (CgA-).  (B)  Adjacent 
sections  of  prostate  adenocarcinoma  were  stained  with  anti-CgA  and  anti-P53  antibodies  respectively.  The  upper  panel  shows  that 
NE  cells  (CgA+ ,  arrows)  are  negative  for  nuclear  P53.  The  lower  panel  shows  that  the  scattered  P53+  cells  (arrows)  were  not  NE 
cells  (CgA-).  (C)  Sections  of  benign  prostate  and  prostate  adenocarcinoma  were  doubly  stained  for  CgA  (cytoplasmic,  red,  thick 
arrow)  and  P53  (nuclear,  brown,  thin  arrow).  The  pictures  on  the  left  show  benign  prostate  with  NE  cells  (thick  arrow,  top),  P53  + 
cells  (thin  arrow,  middle),  and  both  (lower).  The  right  panel  shows  the  same  in  adenocarcinoma.  Importantly,  cytoplasmic  CgA 
staining  and  nuclear  P53  staining  do  not  occur  in  the  same  cells. 
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Figure  4  SCNC  shows  diffuse  nuclear  P53  staining  and  contains  P53  mutation.  (A)  H&E  slide  of  SCNC  composed  of  pure  NE  tumor 
cells  with  characteristic  morphological  features  including  scant  cytoplasm,  fine  nuclear  chromatin  pattern,  and  nuclear  molding. 

(B)  Immunohistochemistry  shows  diffuse  nuclear  P53  staining  in  SCNC.  (C)  Sequencing  data  from  SCNC.  The  two  examples  in  the 
top  and  middle  panels  show  p53  mutation  in  exon  5  resulting  in  replacement  of  aspartic  acid  at  position  184  by  asparagine.  The 
bottom  panel  shows  wild-type  P53  sequence  in  the  same  region. 


a  p53  mutation  inactivates  the  IL8-CXCR2-p53 
pathway  that  normally  keeps  the  NE  cells  in  a 
quiescent  state,  resulting  in  hyper-proliferation  and 
aggressive  behavior,  features  that  are  characteristic  of 
the  tumor  cells  in  SCNC. 


Discussion 

NE  cells  are  normally  present  as  a  minor  component  in 
benign  prostate  and  prostatic  adenocarcinomas  and 
their  functions  remain  unclear.  It  has  been  observed 
that  in  cultured  LNCaP  cells,  a  cell  line  with  luminal 
cell  features,  androgen  withdrawal  induces  differen¬ 
tiation  toward  a  NE  phenotype  (Burchardt  et  al.  1999), 
suggesting  that  hormonal  therapy  in  PC  patients  may 
drive  luminal-type  cancer  cells  into  NE  cancer  cells. 
One  interesting  hypothesis  is  that  the  normally 
quiescent  NE  tumor  cells  may  provide  growth  signals 
to  the  adjacent  non-NE  cancer  cells  through  a  paracrine 
mechanism,  contributing  to  therapeutic  failure  and  the 
progression  to  castration-resistant  state  (Vashchenko  & 
Abrahamsson  2005,  Huang  et  al.  2007,  Yuan  et  al. 
2007,  Sun  et  al.  2009).  Occasionally,  the  recurrent 
tumor  contains  pure  populations  of  highly  aggressive 


NE  tumor  cells  and  is  classified  as  SCNC,  although 
SCNC  can  also  be  seen  in  patients  without  a  history  of 
adenocarcinoma.  With  the  advent  of  novel  drugs  such 
as  Abiraterone  and  MDV3100  that  show  superior  effi¬ 
cacy  in  the  inhibition  of  AR  signaling,  we  expect  that 
the  incidence  of  prostatic  SCNC  will  only  increase. 

The  cell  of  origin  and  the  molecular  basis  for 
prostatic  adenocarcinoma  remain  controversial.  These 
issues  are  even  less  clear  for  prostatic  SCNC.  Our 
results  are  consistent  with  a  model  in  which  the  NE 
cells  in  benign  prostate  and  prostatic  adenocarcinoma 
are  normally  quiescent  due  to  the  growth  inhibitory 
function  of  an  autocrine  mechanism  involving  the  IL8- 
CXCR2-p53  pathway.  Mutation  of  p53  leads  to 
inactivation  of  the  above  pathway  leading  to  hyper¬ 
proliferation  of  NE  cells  with  the  resultant  SCNC  as 
shown  in  Fig.  5.  In  fact,  in  the  absence  of  functional 
P53,  activation  of  CXCR2  by  IL8  appears  to  stimulate 
cell  growth  (Fig.  2),  suggesting  that  CXCR2  may  elicit 
both  growth  inhibitory  and  growth  stimulatory  pathways. 
Normally,  the  P53-mediated  growth-inhibitory  pathway 
may  dominate.  Once  P53  is  mutated,  CXCR2  activation 
becomes  growth  promoting  and  oncogenic.  This 
hypothesis  is  supported  by  previous  reports  showing 
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Figure  5  The  function  of  IL8-CXCR2-p53  pathway  in  controlling  the  proliferation  of  NE  cells  in  benign  prostate,  adenocarcinoma, 
and  SCNC.  The  model  on  the  left  suggests  that  autocrine  activation  of  CXCR2  by  IL8  activates  the  p53  pathway,  which  keeps  NE 
cells  of  benign  prostate  and  prostate  adrenocarcinoma  in  a  quiescent  state.  The  model  on  the  right  suggests  that  p53  mutation 
inactivates  the  IL8-CXCR2-p53  pathway,  leading  to  rapid  proliferation  and  aggressive  biological  behavior  of  NE  tumor  cells  in 
SCNC. 


that  a  CXCR2-neutralizing  antibody  can  inhibit  PC3  cell 
proliferation  (Reiland  et  al.  1999)  and  deletion  of 
CXCR2  inhibits  TRAMP  tumors  (Shen  et  al.  2006). 

Therefore,  we  have  identified  a  potential  cell- 
of-origin  as  well  as  a  molecular  target  for  prostatic 
SCNS.  It  is  unclear  whether  the  NE  cells  in  both  benign 
prostate  and  adenocarcinoma  can  be  the  cells  of  origin 
for  SCNS.  It  is  possible  that  pure  SCNC  arising 
de  novo  may  result  from  p53  mutation  in  NE  cells  of 
benign  prostate,  although  we  cannot  exclude  the 
possibility  that  SCNC  always  arises  from  NE  cells  of 
adenocarcinoma,  but  in  some  cases,  the  rapidly 
proliferating  tumor  NE  cells  have  completely  over¬ 
taken  the  slow-growing  adenocarcinoma,  resulting  in 
the  histological  appearance  of  a  pure  SCNC.  For  those 
SCNCs  that  coexist  with  prostatic  adenocarcinoma  and 
those  that  are  recurrent  tumors  in  patients  with  a 
history  of  adenocarcinoma  treated  with  hormonal 
therapy,  the  most  likely  mechanism  appears  to  be 
p53  mutation  in  the  NE  cells  of  adenocarcinoma.  For 
these  patients,  a  likely  scenario  is  that  within  the 
adenocarcinoma,  a  p53  mutation  occurs  in  NE  cell(s) 
during  the  course  of  hormonal  therapy  leading  to  the 
development  of  SCNC.  The  rapidly  proliferating  NE 
cells  of  SCNC  can  coexist  with  adenocarcinoma 
initially  but  eventually  become  the  only  component 
as  adenocarcinoma  cells  usually  have  a  low  prolifer¬ 
ation  rate  and  this  component  can  be  completely 
overtaken  by  SCNC.  Because  of  its  distinct  cell  of 
origin  and  molecular  alteration,  SCNC  is  an  entirely 
different  disease  from  adenocarcinoma.  In  contrast  to 
adenocarcinoma,  prostatic  SCNC  is  a  disease  of  NE 
differentiation,  likely  has  its  cell  of  origin  in  NE  cells 
of  benign  prostate  and/or  adenocarcinoma,  with  p53 
mutation  as  the  underlying  molecular  mechanism,  and 


does  not  respond  to  hormonal  therapy,  which  has 
proven  to  be  effective,  at  least  initially,  in  nearly  all 
patients  with  prostatic  adenocarcinomas. 

Our  results  are  consistent  with  findings  in  cell  line 
models.  We  have  shown  that  PC3  cells,  a  PC  cell  line 
originally  derived  from  a  patient’s  bone  metastasis,  have 
NE  features  in  that  they  express  NE  markers  CgA  and 
NSE  (Palapattu  et  al.  2009).  Like  NE  cells  in  human 
prostate  and  prostatic  adenocarcinoma,  PC3  cells  express 
IL8  (Ma  et  al.  2009)  and  IL8  receptor  CXCR2  (Reiland 
et  al.  1999)  and  are  positive  for  CD44  (Palapattu  et  al. 
2009).  Unlike  NE  cells  in  benign  prostate  and  adeno¬ 
carcinoma,  PC3  cells  are  highly  proliferative  and 
biologically  aggressive,  features  shared  by  SCNCs. 
Consistent  with  this  notion,  it  has  been  shown  that  PC3 
cells  contain  a  p53  mutation  and  restoration  of  p53 
function  inhibits  tumor  cell  growth  (Isaacs  et  al.  1991). 
Therefore,  we  have  proposed  that  PC3  cells  may  actually 
represent  a  cell  line  of  SCNC  (Tai  et  al.  201 1). 

Our  model  is  supported  by  animal  models  of  PC. 
Transgenic  mice  expressing  SV40  early  genes  includ¬ 
ing  T  antigen  (TRAMP)  develop  aggressive  carci¬ 
nomas  with  abundant  NE  tumor  cells  similar  to  human 
prostatic  SCNC  (Greenberg  et  al.  1995,  Masumori 
et  al.  2001,  2004),  as  do  p53~/~Rb~/~  double 
knockout  mice  (Zhou  et  al.  2006).  In  both  models, 
the  AR-responsive  probasin  promoter  was  used  to 
drive  the  expression  of  the  transgene  or  the  Cre 
recombinase.  Although  AR  is  not  usually  expressed  in 
NE  cells,  it  is  possible  that  a  low  level  of  AR  is  present 
in  NE  cells  at  some  point  of  mouse  prostate 
development  and  is  sufficient  to  activate  the  probasin 
promoter.  We  hypothesize  that  in  these  animals, 
inactivation  of  p53  in  NE  cells  of  the  prostate  leads 
to  malignant  transformation  and  rapid  proliferation  of 
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NE  cells,  resulting  in  the  development  of  a  malignant 
tumor  with  abundant  NE  tumor  cells  mimicking  human 
prostatic  SCNC.  Notably,  in  both  models,  there  are  also 
areas  of  glandular  formation  resembling  adenocarci¬ 
noma,  which  probably  results  from  inactivation  of  p53 
and/or  Rb  in  luminal  epithelial  cells.  In  most  of  the 
TRAMP  tumor  tissues  we  have  examined,  NE  tumor 
cells  predominate,  likely  reflecting  the  highly  prolif¬ 
erative  nature  of  the  malignant  NE  tumor  cells. 

The  findings  described  here  are  also  consistent  with 
a  previous  report  by  De  Marzo’s  group  who  reported 
positive  nuclear  staining  for  p53  and  a  p53  mutation  in 
a  case  of  SCNC  intermixed  with  adenocarcinoma 
(Hansel  et  al.  2009).  The  p53  mutation  discovered  in 
their  study  differs  from  that  identified  in  our  cases, 
suggesting  that  a  variety  of  p53  mutations  may  be 
found  if  a  large  number  of  SCNCs  are  sequenced. 

It  is  noteworthy  that  SV40  T  antigen  inactivates  both 
p53  and  Rb  in  TRAMP  tumors  and  the  Nikitin  group  has 
shown  that  both  p53  and  Rb  need  to  be  inactivated  in 
order  for  invasive  tumors  to  develop  (Zhou  et  al.  2006). 
It  is  possible  that,  inactivation  of  Rb  as  well  as  p53  in  NE 
cells  is  required  for  the  development  of  prostatic  SCNC 
in  men.  However,  unlike  p53  for  which  mutations  are 
usually  associated  with  protein  accumulation  in  the 
nucleus  detectable  by  immunohistochemistry,  assaying 
for  the  inactivation  of  Rb  pathway  is  not  straightfor¬ 
ward.  Therefore,  additional  studies  need  to  be 
performed  to  determine  whether  the  Rb  pathway, 
which  appears  to  be  important  for  prostatic  adenocarci¬ 
noma  (Balk  &  Knudsen  2008),  is  also  involved  in  the 
pathogenesis  of  prostatic  SCNC  in  men. 
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Background:  SKI  is  an  oncoprotein  with  partial  understanding  of  its  molecular  mechanisms. 

Results:  Through  regulation  of  Ubc9,  SKI  can  increase  MDM2  sumoylation  to  enhance  p53  degradation. 

Conclusion:  Up-regulation  of  Ubc9  is  a  novel  biochemical  function  of  SKI  and  is  essential  for  its  transforming  activity. 
Significance:  This  is  a  first  example  that  an  oncoprotein  can  transform  cells  through  regulation  of  Ubc9,  a  critical  component 
of  cellular  sumoylation. 

V _ / 


Protooncogene  Ski  was  identified  based  on  its  ability  to  trans¬ 
form  avian  fibroblasts  in  vitro .  In  support  of  its  oncogenic  activ¬ 
ity,  SKI  was  found  to  be  overexpressed  in  a  variety  of  human 
cancers,  although  the  exact  molecular  mechanism(s)  responsi¬ 
ble  for  its  oncogenic  activity  is  not  fully  understood.  We  found 
that  SKI  can  negatively  regulate  p53  by  decreasing  its  level 
through  up-regulation  of  MDM2  activity,  which  is  mediated  by 
the  ability  of  SKI  to  enhance  sumoylation  of  MDM2.  This  stim¬ 
ulation  of  MDM2  sumoylation  is  accomplished  through  a  direct 
interaction  of  SKI  with  SUMO-conjugating  enzyme  E2,  Ubc9, 
resulting  in  enhanced  thioester  bond  formation  and  mono-su- 
moylation  of  Ubc9.  A  mutant  SKI  defective  in  transformation 
fails  to  increase  p53  ubiquitination  and  is  unable  to  increase 
MDM2  levels  and  to  increase  mono-sumoylation  of  Ubc9,  sug¬ 
gesting  that  the  ability  of  SKI  to  enhance  Ubc9  activity  is  essen¬ 
tial  for  its  transforming  function.  These  results  established  a 
detailed  molecular  mechanism  that  underlies  the  ability  of  SKI 
to  cause  cellular  transformation  while  unraveling  a  novel  con¬ 
nection  between  sumoylation  and  tumorigenesis,  providing 
potential  new  therapeutic  targets  for  cancer. 


Ski  was  found  more  than  20  years  ago  as  the  only  transform¬ 
ing  oncogene  discovered  through  in  vitro  viral  replication  assay 
(1).  It  was  shown  to  be  able  to  transform  chicken  and  quail 
embryo  fibroblasts  as  evidenced  by  the  overgrowth  of  virally 
infected  cells  in  monolayer  culture  and  anchorage-independent 
colony  formation  in  soft  agar,  hallmarks  of  cellular  transforma¬ 
tion.  Consistent  with  its  role  as  an  oncoprotein,  SKI  was  found 
to  be  overexpressed  in  a  variety  of  human  cancers,  including 
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melanoma  (2),  leukemia  (3),  colorectal  (4),  pancreatic  (5), 
esophageal  (6),  and  gastric  (7)  cancers.  Although  there  is  scarce 
evidence  to  suggest  that  SKI  can  transform  mammalian  cells 
except  melanocytes  (8),  a  reduction  of  SKI  through  small  inter¬ 
fering  RNA  technology  lessens  the  tumorigenic  properties  of 
cancer  cells  (9).  Transgenic  mice  overexpressing  Ski  show  over¬ 
growth  of  type  II  muscle  fibers  but  no  enhanced  tumor  forma¬ 
tion  (10).  Mice  lacking  the  Ski  gene  result  in  early  postnatal 
lethality  with  exencephaly  caused  by  failed  closure  of  the  cranial 
neural  tube  during  neurulation  as  well  as  a  host  of  developmen¬ 
tal  abnormalities  (11).  Humans  diagnosed  with  a  haploid  defi¬ 
ciency  of  SKI  due  to  lp36  deletion  display  similar  phenotypes  as 
shown  in  mice  with  a  constitutional  lack  of  Ski  gene  (12). 

The  connection  of  the  SKI  oncoprotein  with  the  TGF/3  sig¬ 
naling  pathway  was  established  a  decade  ago  by  the  finding  that 
SKI  can  physically  interact  with  Smad  proteins,  including 
Smad2,  -3,  and  -4  (13-15).  Smad  proteins  are  the  central  medi¬ 
ators  of  TGF/3  signaling  pathways  transmitting  signals  of  the 
activated  receptor  at  the  plasma  membrane  to  the  nucleus  (16). 
Upon  activation  of  receptor  through  ligand  binding,  type  I 
receptor  kinase  is  activated  and  phosphorylates  Smad  protein 
that  subsequently  oligomerizes  with  Smad4,  and  the  complex 
translocates  to  the  nucleus  to  regulate  target  gene  transcrip¬ 
tion.  SKI  regulates  the  TGF/3  signaling  at  multiple  levels;  it 
interacts  with  the  Smad  proteins  and  inhibits  the  transcrip¬ 
tional  activation  of  target  genes,  likely  by  recruiting  the  nuclear 
corepressor  complex.  Indeed,  SKI  has  been  found  to  be  a 
component  of  the  nuclear  corepressor  complex  capable  of 
inhibiting  the  transcriptional  activation  of  reporter  constructs 
(17).  In  addition,  it  has  also  been  found  that  SKI  can  interact 
with  the  type  I  TGF/3  receptor  directly  and  can  lead  to  repres¬ 
sion  of  the  receptor  activity  (18).  Because  TGF/3  signaling  is  a 
major  cellular  pathway  that  negatively  regulates  epithelial  cell 
proliferation,  the  transforming  capability  of  SKI  is  at  least  par¬ 
tially  derived  from  its  ability  to  neutralize  the  inhibition  of  cell 
proliferation  by  the  TGF/3  pathway.  However,  in  the  initial 
characterization  of  Ski  oncogene  in  avian  fibroblast  cells,  TGF/3 
signaling  was  thought  to  be  promoting  S/d-induced  transfor¬ 
mation  by  inhibiting  S/d-induced  myogenic  differentiation  (19). 
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Thus,  TGF/3  signaling  cooperates  with  Ski  to  transform  avian 
fibroblast  cells.  This  apparent  contradiction  of  the  role  of  TGF/3 
signaling  in  S/d-induced  cellular  transformation  has  not  been 
fully  reconciled. 

Small  ubiquitin-like  modifier  (SUMO)3  has  been  found  to  be 
involved  in  a  variety  of  cellular  processes,  including  intracellu¬ 
lar  trafficking,  stress  response,  DNA  replication,  DNA  damage 
repair,  as  well  as  transcriptional  regulation  (20).  Four  versions 
of  SUMO,  1-4,  have  been  identified.  SUMO  1-3  is  expressed  in 
the  precursor  forms  and  requires  proteolytic  activation  to 
expose  the  invariant  Gly-Gly  motif  at  the  C  terminus  of  the 
mature  SUMO  for  target  conjugation.  Much  like  the  cellular 
ubiquitination  process,  SUMO  activation  enzyme  El,  SUMO- 
conjugating  enzyme  E2,  and  SUMO  ligase  enzyme  E3  are 
required  to  transfer  the  SUMO  moiety  to  target  proteins. 
SUMO  El  activates  the  SUMO  through  thioester  bond  forma¬ 
tion  between  C-terminal  Gly  of  SUMO  and  the  catalytic  cys¬ 
teine  residue  of  El;  the  activated  SUMO  is  then  transferred  to 
E2  with  a  similar  thioester  bond.  Although  E2  itself  can  transfer 
SUMO  to  target  proteins,  SUMO  ligase  E3  through  enhancing 
efficiency  and  substrate  specificity  facilitates  this  process  by 
transferring  SUMO  from  the  high  energy  bond  to  the  e-posi¬ 
tion  of  lysine  of  the  target  protein.  Unlike  ubiquitin  modifi¬ 
cation,  the  main  function  of  sumoylation  is  not  a  signal  of 
destruction  of  the  target  through  proteasomal  degradation, 
instead  it  plays  a  role  in  a  variety  of  cellular  processes.  SUMO 
modification  in  some  cases  has  been  shown  to  antagonize  ubiq¬ 
uitination  through  competitive  modification  (21-23).  Another 
difference  between  ubiquitination  and  sumoylation  is  their 
respective  core  enzymes  that  carry  out  the  modifications.  It 
appears  that  there  is  only  one  E2  enzyme  for  sumoylation, 
although  there  are  many  E2s  that  can  fulfill  the  ubiquitin-con- 
jugating  activity.  Similar  to  regulation  by  ubiquitination,  there 
are  also  proteases,  sentrin-specific  proteases,  that  can  hydro¬ 
lytically  remove  the  SUMO  moiety,  and  thus  reverse  the  mod¬ 
ification  of  sumoylation.  These  sentrin-specific  proteases  are 
also  responsible  for  the  activation  of  SUMO  precursor  by 
removing  their  C-terminal  peptides  to  expose  the  Gly-Gly 
motif.  Like  many  biological  processes,  the  core  machinery  of 
SUMO  modification  has  also  been  found  to  be  regulated  by 
other  proteins.  For  example,  RSUME  and  SF2/ASF  have  been 
found  to  enhance  SUMO  E2  enzyme  Ubc9  to  regulate  target 
sumoylation  (24,  25),  although  Rhes  can  enhance  cross-sumoy- 
lation  between  El  and  Ubc9  (26). 

Several  prominent  proteins  involved  in  tumorigenesis  have 
been  found  to  be  modified  by  sumoylation.  For  example,  p53 
can  be  modified  by  sumoylation  with  either  enhancement  or 
reduction  of  its  activity  (27).  Similarly,  MDM2,  the  main  ubiq¬ 
uitin  E3  ligase  for  p53,  has  been  found  to  be  sumoylated 
(28),  and  this  sumoylation  was  shown  to  be  associated  with 
increased  activity  of  MDM2  (29).  MDM2  can  be  self-ubiquiti- 
nated  and  degraded.  Sumoylation  of  MDM2  decreases  its  self- 
ubiquitination  and  degradation,  whereas  de-sumoylation  leads 
to  enhanced  MDM2  self-ubiquitination.  UV  damage  can 
decrease  MDM2  sumoylation  through  a  SUMO  protease 


3  The  abbreviation  used  is:  SUMO,  small  ubiquitin-like  modifier. 


SUSP4.  MDM2  sumoylation  requires  its  N-terminal  domain  of 
amino  acids  40-59  (30). 

We  report  here  that  SKI  is  capable  of  regulating  sumoyla¬ 
tion  of  MDM2  through  its  ability  to  interact  with  and  regu¬ 
late  SUMO  E2  enzyme  Ubc9,  resulting  in  enhanced  MDM2 
activity  and  decreased  p53  protein.  This  novel  function  of 
SKI  is  likely  a  major  molecular  mechanism  for  its  oncogenic 
activity  as  p53  is  an  important  tumor  suppressor,  and  a 
mechanism  that  leads  to  its  destruction  will  greatly  contrib¬ 
ute  to  cellular  transformation. 

EXPERIMENTAL  PROCEDURES 

Culture  of  Mammalian  Cells— LNCaP  was  cultured  in  RPMI 
1640  medium;  H1299,  U20S,  HEK293, 293T,  HepG2,  and  mink 
lung  epithelial  cells  were  cultured  in  Dulbecco's  modified 
Eagle's  medium;  HCT116  and  HCT116  p53_/_  cells  were  in 
McCoys  5A  medium,  and  all  were  supplemented  with  10%  fetal 
calf  serum,  2  mM  glutamine,  penicillin,  and  streptomycin  at 
37  °C  with  5%  C02. 

Nucleic  Acids — Chemical  siRNA  for  Ski ,  PIAS1,  and  PIAS3 
were  from  IDT  Inc.  with  the  following  sequences:  Ski ,  sense 
5 '  -rCrCr  ArGrUr  Ar  ArGrGr  ArGr  ArCrUrUrGr  Ar  Ar  ArUrUrC- 
rAGA-3'  and  antisense  5'-rUrCrUrGrArArUrUrUrCrArArG- 
rUrCrUrCrCrUrUrArCrUrGrGrUrU-3';  PIAS1 ,  sense  5'-rUr- 
GrGrUrUrArUrGrArGrCrCrUrUrArGrArGrUrUrUrCrUG- 
A-3'  and  antisense  5'-rUrCrArGrArArArCrUrCrUrArArGrG- 
rCrUrCrArUrArArCrCrArUrU-3';  and  PIAS3,  sense  5'-rCrA- 
r  CrUr  G  r  ArUr  Cr  Ar  Ar  G  r  G  r  Ar  G  r  Ar  Ar  ArU  rU  r  G  r  Ar  CrU  G  C-3 ' 
and  antisense  5'-rGrCrArGrUrCrArArUrUrUrCrUrCrCrUr- 
UrGrArUrCrArGrUrGrCrC-3'.  Dharmafect  was  used  to  trans¬ 
fect  siRNA  into  cells.  Expression  plasmids  were  introduced  into 
cells  with  BioT  transfection  reagent  (Bioland  Inc.)  according  to 
the  instruction  of  the  vendor,  and  empty  vector  DNA  was  used 
to  provide  equal  amount  of  DNA  in  each  transfection.  PCR 
primers  for  p53  target  gene  quantification  are  as  follows:  p21, 
forward  5'-CTGGAGACTCTCAGGGTCGAA-3'  and  reverse 
5'-GGATTAGGGCTTCCTCTTGGA-3';  Noxa ,  forward  5'- 
CTCTTTCCTCCTCGCCACTT-3'  and  reverse  5'-CGTGCA- 
CCT  CCT  G  AG  AAAAC-3 ' ;  Tspl,  5 '  -  G  G  G  A  AG  A  A  A  AT  CAT  - 
GGCTGA-3'  and  reverse  5'-GGTCGCACGTTCTAGGAGT- 
C-3';  Mdm2  mRNA  (p2  promoter),  forward  5'-CGATTGGA- 
GGGTAGACCTGT-3'  and  reverse  5'-GGTCTCTTGTTCC- 
GAAGCTG-3'; Mdm2  (last  exon),  forward  5'-CAGACGGGG- 
ACTAGCTTTTG-3'  and  reverse  5'-AGGTTGCAGTGA- 
GCCAAGAT-3';  and  Gapdh ,  forward  5'-CATGGGTGTGAA- 
CCATGAGA-3'  and  reverse  5'-CAGTGATGGCATGGACT- 
GTG-3'.  RNA  was  isolated  using  Qiagen  RNeasy  kit,  and  cDNA 
was  generated  using  Superscriptll  reverse  transcriptase 
(Invitrogen). 

Biochemical  and  Cell  Biological  Reagents  and  Procedures — 
Anti-SKI,  p53,  and  Ubc9  antibodies  were  from  Santa  Cruz  Bio¬ 
technology.  Anti-FLAG  M2  antibody  was  from  Sigma  (A1205). 
Anti-HA  antibody  was  from  Roche  Applied  Science.  Anti- 
SUMOl  antibody  was  from  Epitomics.  For  immunoprecipita- 
tion  and  immunoblotting,  cells  were  collected  by  scraping  or 
trypsinization  and  lysed  in  lysis  buffer  (20  mM  KC1,  150  mM 
NaCl,  1%  IGEPAL,  50  mM  Tris-HCl  (pH  7.5),  50  mM  NaF,  1  mM 
EGTA,  1  mM  DTT,  and  1  X  protease  inhibitor  mixture  (Roche 


1 4622  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


VOLUME  287-NUMBER  18- APRIL  27, 201 2 


Downloaded  from  www.jbc.org  at  UCLA-Louise  Darling  Biomed.  Lib.,  on  April  29,  2013 


SKI  Up-regulates  MDM2  through  Ubc9 


Applied  Science)  and  10%  glycerol).  Immunoprecipitations 
were  performed  with  appropriate  antibody  and  protein  A-  or 
G-Sepharose  (Upstate  Biotechnology).  Beads  were  washed 
three  times  in  lysis  buffer,  and  immunoprecipitated  proteins 
were  separated  on  SDS-PAGE  followed  by  Western  blotting 
with  primary  and  horseradish  peroxidase-conjugated  second¬ 
ary  antibodies  (Bio-Rad).  Immunoreactive  proteins  were  visu¬ 
alized  by  enhanced  chemiluminescence  (SuperSignal  West 
Femto,  Pierce).  CellTiter  Glo  (Promega  Inc.)  was  used  to  meas¬ 
ure  relative  cell  number  according  to  the  manufacturer.  For 
FACS  analysis  to  gauge  the  sub-Gx  DNA  content,  the  cells  were 
collected  and  fixed  in  70%  ethanol  followed  by  RNase  treatment 
and  1  jiLg/ml  propidium  iodide  staining,  and  the  cells  were  then 
analyzed  by  FACS. 

MDM2  Sumoylation  Assay — Expression  plasmid  for  His6- 
MDM2  was  transfected  into  293T  cells  together  with  other 
expression  plasmids.  40  h  after  transfection,  cells  were  collected 
and  lysed  in  150  p\  of  RIPA  buffer  (regular  buffer  +  0.1%  SDS  + 
0.5%  sodium  deoxycholate)  followed  by  centrifugation.  The 
supernatant  was  mixed  with  8  M  guanidine  hydrochloride  to 
obtain  6  m  guanidine  hydrochloride  with  20  mM  sodium  phos¬ 
phate  buffer  (pH  7.5),  20  mM  imidazole,  1  mM  DTT.  This  lysate 
was  centrifuged  at  room  temperature  for  10  min,  and  the  super¬ 
natant  was  mixed  with  20  yod  of  nickel-nitrilotriacetic  acid  beads 
in  50%  bead  slurry.  After  binding  for  3  h,  the  beads  were  washed 
three  times  with  urea  buffer  (8  M  urea  with  20  mM  sodium 
phosphate  buffer  (pH  7.5))  followed  by  incubation  with  sample 
buffer  at  95  °C  for  10  min.  The  supernatant  was  then  separated 
by  SDS-PAGE  followed  by  immunoblot  analysis. 

RESULTS 

Over  expression  of  SKI  Leads  to  Decreased  p  S3— SKI  is  a  trans¬ 
forming  oncoprotein  for  chicken  embryo  fibroblast  cells  upon 
overexpression.  Previously,  we  and  others  have  established  that 
SKI  can  interact  with  Smad  proteins  and  negatively  regulate 
TGF/3  signal  transduction  (13-15),  and  it  was  widely  thought 
that  this  inhibition  of  TGF/3  signaling  is  the  underlying  mech¬ 
anism  of  its  transforming  activity.  Although  this  mechanistic 
explanation  is  plausible,  we  suspected  that  other  mechanism(s) 
might  also  be  involved  in  the  oncogenic  activity  of  SKI.  There¬ 
fore,  we  examined  in  cells  with  overexpression  of  SKI  the  abun¬ 
dance  of  p53  protein,  one  of  the  essential  tumor  suppressor 
proteins  in  regulating  cell  proliferation  and  differentiation.  As 
shown  in  Fig.  L4,  overexpression  of  SKI  in  mink  lung  epithelial 
cells  leads  to  a  decrease  of  p53,  and  this  reduction  is  independ¬ 
ent  of  the  status  of  TGF/3  signaling  (data  not  shown).  Consist¬ 
ent  with  this  reduction,  the  protein  level  of  p21wafl ,  one  of  the 
p53  target  genes,  also  decreases.  Moreover,  this  reduced  p53 
level  is  likely  a  result  of  decreased  metabolic  stability  as  its  half- 
life  is  apparently  reduced  in  cells  with  overexpression  of  SKI 
(Fig.  IB).  These  findings  therefore  suggested  the  possibility  that 
a  higher  level  of  SKI  results  in  a  reduction  of  p53,  thus  resulting 
in  cellular  transformation.  We  further  tested  whether  in  a  tran¬ 
sient  overexpression  system  SKI  can  also  cause  a  reduction  of 
p53.  As  shown  in  Fig.  1C,  in  human  colorectal  carcinoma  HCT- 
116  cells  with  or  without  endogenous  TpS3  ( see  supplemental 
Fig.  1),  overexpression  of  SKI  by  itself  cannot  decrease  p53  lev¬ 
els;  however,  SKI  can  enhance  the  reduction  of  p53  caused  by 


the  wild  type  MDM2,  the  main  ubiquitin  E3  ligase  for  p53,  but 
not  the  RING  finger  mutant  of  MDM2  (C464A)  (31).  These 
results  suggest  that  a  higher  level  of  SKI  can  result  in  an 
MDM2-dependent  p53  reduction  likely  through  enhanced  p53 
degradation.  To  rule  out  the  possibility  that  SKI  can  only  regu¬ 
late  p53  in  an  overexpression  system,  we  also  examined  the 
impact  of  SKI  depletion  on  endogenous  p53  activity.  As  shown 
in  Fig.  ID,  siRNA-mediated  loss-of-function  of  SKI  in  the  pros¬ 
tate  cancer  cell  line  FNCaP  results  in  elevated  p53  levels  and 
enhanced  apoptosis  as  determined  by  cell  number  enumeration 
through  measurement  of  ATP  levels  as  well  as  of  sub-Gx  DNA 
content  in  a  fluorescent-activated  cell  sorter  (FACS)  analysis 
(Fig.  1,  E  and  F).  Consistent  with  these  findings,  we  also  found 
that  a  subset  of  p53  target  genes  are  up-regulated  in  response  to 
a  reduction  of  SKI  and  up-regulation  of  p53  (Fig.  1G).  Taken 
together,  these  results  strongly  suggest  that  SKI  with  both  phys¬ 
iological  and  quasi-physiological  expressions  can  negatively 
regulate  p53  through  MDM2,  and  this  aspect  of  SKI  is  likely  a 
major  contributor  for  its  transforming  activity. 

SKI  Enhances  pS3  Ubiquitination— pS3  is  a  major  tumor  sup¬ 
pressor  protein  that  is  inactivated  in  many  human  cancers. 
Nearly  half  of  the  human  cancers  harbor  mutations  of  TpS3 , 
whereas  p53  is  inactivated  in  a  large  proportion  of  tumors  with¬ 
out  TpS3  mutation  through  a  multitude  of  mechanisms.  For 
example,  overexpression  of  MDM2,  loss  of  the  pl4Arf  protein, 
which  is  a  negative  regular  of  MDM2,  and  expression  of  viral 
oncoproteins,  including  HPV16  E6,  adenovirus  El  A,  and  SV40 
large  T  antigen  (32),  can  all  lead  to  p53  inactivation.  Although 
several  ubiquitin  E3  ligases  have  been  shown  to  regulate  p53 
levels  (33),  the  genetically  modified  mouse  without  Mdm2  has 
unequivocally  demonstrated  the  centrality  of  Mdm2  in  regulat¬ 
ing  the  p53  protein  level  (34).  As  described  earlier,  we  found 
that  SKI  can  enhance  the  MDM2-mediated  p53  decrease  (Fig. 
1,  A  and  C);  therefore,  we  examined  whether  SKI  can  positively 
regulate  MDM2-mediated  ubiquitination  of  p53.  As  shown  in 
Fig.  2 A,  although  expression  of  MDM2  alone  enhanced  the 
ubiquitination  of  p53,  co-expression  of  SKI  dramatically 
increased  the  p53  ubiquitination  shown  both  by  the  ubiquitin  in 
the  p53  immunoprecipitation  as  well  as  p53  in  the  immunopre- 
cipitation  of  ubiquitin  (supplemental  Fig.  2).  These  results  sug¬ 
gest  that  SKI  can  enhance  MDM2-mediated  p53  ubiquitination 
and  thus  proteasomal  degradation,  which  likely  results  in  a 
decreased  p53  level.  It  has  been  shown  that  a  mutant  SKI  with 
an  insertion  of  four  amino  acids,  alanine,  arginine,  proline,  and 
glycine  (ARPG)  replacing  aspartic  acid  at  position  181,  inacti¬ 
vated  the  transforming  function  of  SKI  in  chicken  embryo 
fibroblast  cells  (35),  and  we  therefore  tested  whether  the  trans¬ 
forming  capacity  of  SKI  is  correlated  with  its  ability  to  enhance 
ubiquitination  of  p53.  As  shown  in  Fig.  2 B,  lane  4,  expression  of 
the  SKI  mutant  ARPG,  at  a  comparable  level  of  wild  type  SKI 
protein,  did  not  enhance,  if  reduced,  p53  ubiquitination,  sug¬ 
gesting  that  the  transforming  ability  of  SKI  is  tightly  associated 
with  its  interaction  with  MDM2  to  result  in  p53  ubiquitination. 
In  addition,  we  also  tested  whether  SKI  at  a  physiological  level 
can  regulate  MDM2-mediated  p53  ubiquitination.  As  shown  in 
Fig.  2C,  siRNA-mediated  reduction  of  endogenous  SKI  protein 
also  reduced  p53  ubiquitination  conferred  upon  by  MDM2 
expression.  These  results  suggest  that  SKI  at  both  normal  and 
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FIGURE  1 .  SKI  negatively  regulates  p53.  A,  overexpression  of  SKI  leads  to  a  decrease  of  p53.  p53,  p21 waf1  level  was  examined  with  immunoblot  analysis  in  mink 
lung  epithelial  cells  overexpressing  SKI  (Ski  1 3)  or  vector  control.  B,  half-life  of  p53  was  decreased  in  Ski  1 3  cells.  C,  SKI  enhances  decrease  of  p53  by  MDM2  but 
not  by  mutant  MDM2.  Various  expression  plasmids  were  introduced  into  HCT1 16  cells  without  Tp53,  and  the  p53  was  examined  by  immunoblot  {IB)  analysis 
with  anti-p53  antibody.  The  mutant  MDM2  has  alanine  at  amino  acid  464  instead  of  cysteine  (C464A).  The  amount  of  plasmids  was  made  equal  by  adding 
vector  DNA,  and  the  transfection  efficiency  was  monitored  with  GFP  expression.  MDM2  and  SKI  expression  were  monitored  with  anti-FIA  and  anti-FLAG 
antibodies.  CHX,  cycloheximide.  D,  reduction  of  SKI  results  in  an  increase  of  p53  level.  siRNA  for  S/C/  was  introduced  into  LNCaP  cells,  and  the  levels  of  SKI,  p53 
and  GAPDFI  were  examined  by  immunoblot  analysis.  Eand  F,  reduction  of  SKI  results  in  a  decrease  of  cell  number  and  an  increase  of  apoptosis.  48  h  after  siRNA 
for  SKI  was  introduced  into  LNCaP  cells,  the  cell  number  was  measured  using  CellTiter  Glo  (£),  and  the  sub^  content  was  measured  with  FACS  analysis  (F). 
G,  reduction  of  SKI  results  in  an  increase  of  several  p53  target  genes.  SYBR  quantitative  PCR  was  used  to  measure  the  quantity  of  transcript  level  of  p53  target 
genes  in  cells  with  transfection  of  control  siRNA  or  siRNA  for  SKI.  The  level  in  control  cells  was  arbitrarily  set  as  1  followed  by  correction  with  relative  total  RNA 
level  using  GAPDH  measurements. 


overexpression  levels  is  capable  of  enhancing  MDM2-mediated 
ubiquitination  of  p53,  and  this  activity  is  tightly  associated  with 
the  transforming  function  of  SKI. 

SKI  Positively  Regulates  MDM2  through  Sumoylation— The 
ability  of  SKI  to  enhance  MDM2-mediated  ubiquitination  of 


p53  suggests  several  possible  modes  of  action  of  SKI  in  the 
regulation  of  p53.  It  is  possible  that  SKI  directly  regulates  p53’s 
propensity  of  being  ubiquitinated  by  MDM2  followed  by  pro- 
teosomal  degradation.  It  is  also  possible  that  SKI  can  positively 
enhance  the  activity  of  MDM2  through  direct  physical  interne- 
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FIGURE  2.  SKI  enhances  MDM2-mediated  p53  ubiquitination.  A,  SKI  increases  p53  ubiquitination  by  MDM2.  Various  plasmids  were  introduced  into  HI 299 
cells,  and  the  amount  of  plasmids  was  equalized  with  empty  vector.  40  h  after  transfection,  the  cells  were  treated  with  20  pt m  MG-1 32  for  4  h,  lysed  with  2%  SDS 
buffer,  and  heated  at  95  °C  for  5  min  followed  by  dilution  with  regular  buffer  to  0.1%  SDS  and  centrifugation.  The  supernatant  was  immunoprecipitated  (IP)  with 
anti-p53  antibody,  followed  by  the  immunoblot  (IB)  analysis  with  anti-HA  antibody.  The  blot  was  stripped  and  probed  again  with  anti-FLAG  antibody  to  gauge 
the  p53  level.  A  separate  portion  of  the  lysate  was  used  to  analyze  the  expression  level  of  MDM2  and  SKI  with  immunoblot  analysis.  B,  wild  type  but  not  mutant 
SKI  enhances  p53  ubiquitination  by  MDM2.  The  experiment  was  done  essentially  as  in  A  in  HI  299  cells.  C,  endogenous  SKI  was  crucial  for  MDM2-mediated  p53 
ubiquitination.  The  experiment  was  done  essentially  as  in  A  except  with  introduction  of  siRNA  for  SKI. 


tion  with  MDM2;  alternatively,  SKI  can  regulate  MDM2 
through  post-translational  modification  without  direct  physi¬ 
cal  interaction.  We  established  that  in  an  overexpression  sys¬ 
tem,  SKI  could  physically  interact  with  MDM2  (supplemental 
Fig.  3).  However,  repeated  attempts  in  a  variety  of  cell  types 
failed  to  demonstrate  this  physical  interaction  at  endogenous 
expression  levels.  Nevertheless,  we  can  clearly  demonstrate 
that  overexpression  of  SKI  increases  the  abundance  of  MDM2, 
consistent  with  its  ability  to  decrease  the  p53  level  (Fig.  3,  A,  and 
middle  panel  of  B).  Conversely,  a  depletion  of  SKI  by  siRNA  in 
HepG2  cells  can  decrease  endogenous  MDM2  levels  (Fig.  3 B, 
right  panel),  supporting  the  view  that  SKI  can  positively  regu¬ 
late  the  abundance  of  MDM2.  Moreover,  the  increased  level  of 
MDM2  by  SKI  is  likely  a  result  of  increased  stability  of  MDM2 
as  shown  in  Fig.  3C,  whereas  the  SKI  mutant  ARPG  fails  to 
increase  the  stability  of  MDM2  (Fig.  3C,  right  panel).  These 
results  suggest  that  SKI  can  functionally  enhance  MDM2,  likely 
its  protein  level  or  activity,  yet  it  does  not  do  so  through  high 
affinity  or  direct  physical  interaction  with  MDM2. 

It  is  known  that  MDM2  can  be  broadly  regulated  by  two 
biochemical  mechanisms  as  follows:  one  involves  post-transla- 
tional  modification,  and  the  other  involves  proteinaceous  reg¬ 
ulators  that  modulate  its  cellular  localization  and  activity  (36  - 
41).  For  the  former,  protein  kinase  B  (AI<T)  can  phosphorylate 
MDM2  and  result  in  its  nuclear  translocation  (42),  which  is 
crucial  for  its  ability  to  degrade  p53.  In  addition,  sumoylation  of 
MDM2  has  been  shown  to  enhance  the  MDM2  level  and  activ¬ 
ity  (29).  Thus,  it  is  possible  that  SKI  can  regulate  MDM2  activity 
through  these  modifications.  We  tested  the  latter  possibility, 
and  found,  as  shown  in  Fig.  4,  A  and  B ,  that  SKI  can  clearly 
increase  MDM2  sumoylation  mediated  by  SUMO  E3  ligases, 
PIAS1  and  PIAS3  (protein  inhibitors  of  activated  STAT1  and 
-3).  PIAS1  has  been  shown  to  enhance  MDM2  sumoylation 
(28),  although  its  impact  on  MDM2  activity  is  not  clear.  PIAS3 
is  known  to  interact  with  and  sumoylate  Smad4  protein  (43), 
which  has  also  been  shown  to  interact  with  SKI  (13),  thus  it  is 
plausible  that  SKI  can  alter  the  substrate  specificity  of  PIAS3 


leading  to  sumoylation  of  MDM2.  In  limited  cases,  protein 
sumoylation  has  been  found  to  antagonize  ubiquitination  thus 
increasing  substrate  protein  abundance,  although  hypersu- 
moylation  has  also  been  associated  with  sumoylation-induced 
ubiquitination  with  a  consequent  reduction  of  target  protein 
abundance  (44-46).  MDM2  has  been  shown  to  be  modified  by 
sumoylation,  which  results  in  increased  MDM2  activity  pre¬ 
sumably  as  a  result  of  an  increased  protein  level  (29).  The  ability 
of  SKI  to  enhance  MDM2  sumoylation  is  thus  consistent  with 
its  function  to  enhance  MDM2  levels  as  well  as  to  increase 
MDM2-mediated  p53  ubiquitination.  To  provide  further  evi¬ 
dence  that  SKI  can  increase  MDM2  activity  through  enhanced 
sumoylation  of  MDM2,  we  examined  whether  reduction  of 
PIAS1  and/or  PIAS3  can  result  in  abrogation  of  the  ability  of 
SKI  to  up-regulate  MDM2  activity.  As  shown  in  Fig.  4 D,  siRNA 
against  PIAS1  or  PIAS3  alone  does  not  reduce  MDM2-medi- 
ated  p53  ubiquitination;  however,  combined  reduction  of 
PIAS1  and  PIAS3  results  in  a  drastic  reduction  of  p53  ubiquiti¬ 
nation  by  MDM2,  suggesting  that  different  PIAS  proteins 
might  be  able  to  compensate  each  other  in  mediating  MDM2 
sumoylation  and  that  SKI  can  communicate  with  both  of  them, 
potentially  with  different  potencies.  The  potency  of  the  siRNA 
for  PIAS1  and  -3  was  demonstrated  in  Fig.  4 E,  lower  panel , 
where  respective  siRNA  can  decrease  PIAS1  and  -3  protein  lev¬ 
els.  This  result  thus  suggests  that  overexpression  of  SKI  posi¬ 
tively  regulates  ubiquitination  of  p53  by  MDM2,  likely  through 
the  latter's  sumoylation  by  PIAS1  and  -3.  Consistent  with  the 
notion  that  MDM2  sumoylation  by  SKI  is  critical  for  the  trans¬ 
forming  ability  of  SKI,  the  SKI  mutant  (ARPG)  fails  to  enhance 
MDM2  sumoylation  as  shown  in  Fig.  4C,  providing  a  mecha¬ 
nistic  explanation  for  the  failure  of  ARPG  to  enhance  MDM2- 
mediated  p53  ubiquitination  as  demonstrated  in  Fig.  2 B.  To 
examine  whether  SKI  can  regulate  endogenous  p53  through 
regulation  of  MDM2  sumoylation,  we  examined  the  level  of  p53 
in  LNCaP  cells  in  response  to  reduction  of  SKI  as  well  as  PIAS1 
and  PIAS3.  As  shown  in  Fig.  4 E,  reduction  of  SKI,  PIAS1,  and 
PIAS3  individually  does  not  lead  to  a  change  of  p53  protein 
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FIGURE  3.  SKI  positively  regulates  MDIVI2  protein.  A  overexpression  of  SKI  leads  to  an  increase  of  MDM2  levels.  293T  cells  were  transfected  with  expression 
plasmids  for  SKI  and/or  MDM2,  and  the  exogenous  MDM2  protein  level  was  examined  by  immunoblot  (IB)  analysis.  B,  overexpression  and  reduction  of  SKI  leads 
to  an  increase  or  decrease  of  endogenous  MDM2  protein.  Stable  expression  of  SKI  in  U20S  cells  results  in  increased  MDM2  levels  compared  with  the  vector 
cells,  although  siRNA  for  SKI  in  HepG2  cells  results  in  a  decrease  of  MDM2  level.  C,  SKI  increases  the  metabolic  stability  of  MDM2  protein.  40  h  after  transfection 
with  expression  plasmids  for  SKI,  SKI(ARPG),  and  MDM2,  293T  cells  were  treated  with  cycloheximide  for  the  indicated  time,  and  MDM2  protein  level  was 
analyzed  by  immunoblot  analysis. 


levels,  possibly  due  to  limited  reduction  of  the  individual  pro¬ 
tein  by  the  siRNA;  however,  a  combined  reduction  of  SKI  and 
PIAS1  or  PIAS3  results  in  increased  p53  levels,  concomitant 
with  a  reduction  of  MDM2  levels.  This  result  supports  the 
notion  that  SKI  and  PIAS1  or  PIAS3  operate  in  a  linear  pathway 
in  that  SKI  through  PIAS1  or  PIAS3  can  result  in  increased 
MDM2  levels  through  sumoylation,  and  a  combined  reduction 
of  both  components  leads  to  a  reduction  of  MDM2  sumoyla¬ 
tion  severe  enough  to  cause  a  reduction  of  protein  levels  with  a 
consequent  increase  of  p53  levels.  Similarly,  we  also  found  that 
in  human  embryonic  kidney  HEK293  cells,  exogenous  expres¬ 
sion  of  SKI  leads  to  a  reduction  of  endogenous  p53  levels,  likely 
through  enhanced  MDM2  sumoylation  and  activity  as  this 
reduction  of  p53  level  can  be  reversed  by  co-expression  of 
siRNA  for  PIAS3 ,  but  not  by  PIAS1 ,  suggesting  that  SKI  through 
PIAS3  can  regulate  endogenous  p53  levels  by  modulating 
MDM2  sumoylation.  The  reason  for  the  failure  of  PIAS1  to 
reverse  the  effect  of  SKI,  despite  its  collaboration  with  SKI  to 
enhance  MDM2  sumoylation  (Fig.  4 A)  and  collaborate  with 
SKI  to  maintain  MDM2  levels  (Fig.  4 £),  remains  obscure.  We 
can  speculate  that  additional  factors  in  HEK293  cells  might 
have  altered  the  substrate  specificity  such  that  PIAS1  behaves 
differently  when  it  is  in  the  context  of  overexpression  with  SKI 
as  shown  in  Fig.  4 A.  These  data  together  strongly  suggest  that 
SKI  can  cause  down-regulation  of  endogenous  p53  by  up-reg- 
ulating  MDM2  activity  through  enhanced  sumoylation  of 
MDM2  by  PIAS1  or  PIAS3.  It  is  also  clear  that  because  SKI  is  a 
modulator  of  MDM2  through  PIAS1  or  PIAS3,  depending  on 
the  particular  cellular  context,  alteration  of  SKI  alone  may  not 
be  sufficient  to  modulate  the  level  or  activity  of  MDM2  and 
ultimately  the  level  of  p53. 

SKI  Positively  Regulates  Ubc9  Activity— The  unique  feature 
of  mammalian  sumoylation  is  that  there  is  a  single  SUMO- 
conjugating  enzyme,  Ubc9,  that  controls  the  general  protein 
sumoylation.  Thus,  if  a  protein  like  SKI  can  directly  regulate 
Ubc9,  it  can  broadly  regulate  substrate  sumoylation.  We  exam¬ 
ined  this  possibility  by  performing  a  GST  pulldown  experiment 
with  GST-Ubc9  and  cellular  SKI  protein.  We  generated  a 
recombinant  GST-Ubc9  fusion  protein  as  well  as  the  control 


GST  protein.  As  shown  in  Fig.  5A,  when  the  same  amount  of 
these  recombinant  proteins  was  incubated  with  lysates  pre¬ 
pared  from  293T  cells  overexpressing  SKI  or  its  mutant  ARPG 
protein,  SKI  as  well  as  the  ARPG  mutant  is  capable  of  interact¬ 
ing  with  the  Ubc9  protein,  but  not  with  GST  protein,  suggesting 
that  SKI  can  directly  interact  with  Ubc9  protein.  This  interac¬ 
tion  can  also  be  confirmed  in  vivo  with  the  presence  of  SKI 
protein  in  the  immunoprecipitate  of  anti-Ubc9  antibody  as 
shown  in  the  lower  panel  of  Fig.  5A.  Moreover,  we  found  that 
SKI,  but  not  the  mutant  ARPG  protein,  can  enhance  auto-su- 
moylation  of  Ubc9  in  a  transient  expression  system  (Fig.  5B ). 
We  also  monitored  the  in  vivo  sumoylation  profile  with  expres¬ 
sion  of  Ubc9  in  the  absence  or  presence  of  SKI  or  its  mutant.  As 
shown  in  Fig.  5C,  expression  of  SKI,  but  not  the  ARPG  mutant, 
significantly  enhances  the  detectable  protein  sumoylation 
marked  by  epitope-tagged  SUMOl  protein,  suggesting  that  SKI 
can  enhance  Ubc9-mediated  cellular  sumoylation,  possibly 
through  direct  interaction  with  Ubc9.  This  enhancement  of 
Ubc9  is  directly  linked  with  its  transforming  ability  as  the  trans¬ 
formation-defective  mutant  ARPG  fails  to  do  so.  To  examine 
the  molecular  mechanism  of  this  enhanced  sumoylation  by  SKI 
protein,  we  reconstituted  Ubc9  modification  with  the  SKI  pro¬ 
tein  in  vitro .  We  purified  the  SKI  protein  or  ARPG  mutant  by 
releasing  it  through  FFAG  peptide  competition  from  immuno- 
precipitates  of  these  proteins  expressed  in  293T  cells  (Fig.  5D). 
We  then  incubated  the  recombinant  Ubc9  protein  with  SUMO 
El  as  well  as  activated  SUMOl  protein  in  the  presence  of  ATP 
as  the  energy  source.  As  shown  in  Fig.  5£,  SKI  can  significantly 
increase  the  thioester  bond  formation  of  Ubc9  with  SUMOl 
as  the  thioester  bond  between  Ubc9  and  SUMOl  is  sensitive  to 
the  reducing  agent  in  the  reaction,  thus  allowing  us  to  monitor 
their  abundance  by  their  disappearance  in  response  to  dithio- 
threitol  (DTT).  The  SUM01-Ubc9  thioester  bond  formation 
serves  as  an  intermediate  for  Ubc9  before  substrate  sumoyla¬ 
tion,  and  thus  more  thioester  bond  formation  will  translate  into 
more  substrate  modification.  We  also  reconstituted  this  Ubc9 
modification  using  GST-Ubc9  as  a  substrate.  We  noticed  a 
higher  basal  activity  of  this  Ubc9  protein  in  mediating  its 
SUMO  modification  (data  not  shown),  presumably  due  to  the 
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FIGURE  4.  SKI  regulates  MDM2  through  sumoylation  to  result  in  a  decrease  of  endogenous  p53.  A,  SKI  can  enhance  MDM2  sumoylation  through  PIASl . 
24  h  after  expression,  plasmids  were  introduced  into  293T  cells,  and  cells  were  lysed  in  RIPA  buffer,  and  the  supernatant  was  diluted  into  denaturing  buffer.  The 
MDM2  was  isolated  through  nickel-nitrilotriacetic  acid  [NTA)  beads  followed  by  immunoblot  [IB)  analysis  with  anti-FLAG  antibody  to  reveal  MDM2  sumoyla¬ 
tion.  The  blot  was  stripped  and  probed  with  anti-MDM2  antibody  to  reveal  the  MDM2  level.  Separate  lysate  was  used  to  examine  PIASl  and  SKI  expression 
levels  using  anti-PIASI  and  anti-SKI  antibody,  respectively.  B,  SKI  can  enhance  MDM2  sumoylation  through  PIAS3. 40  h  after  transfection,  cells  were  processed 
as  in  A.  A  portion  of  the  lysate  was  analyzed  to  gauge  the  protein  expression  through  immunoblot  with  anti-PIAS3  and  anti-SKI  antibody.  C,  SKI  mutant  ARPG 
fails  to  increase  MDM2  sumoylation.  40  h  after  transfection,  cells  were  processed  as  in  A.  A  portion  of  the  lysate  was  analyzed  to  gauge  the  protein  expression 
through  immunoblot  with  anti-PIAS3  and  anti-SKI  antibody.  D,  SKI  enhances  p53  ubiquitination  through  PIASl  and  -3.  H 1 299  cells  were  transfected  with 
various  combinations  of  expression  plasmids  as  well  as  siRNAs.  The  cells  were  processed  as  in  Fig.  2.  The  effectiveness  of  siRNA  for  PIAS  7  or  -3  is  shown  in  E.E,  SKI 
and  PIASl  or  -3  are  required  for  maintaining  the  p53  level  in  LNCaP  cells.  Various  siRNAs  were  introduced  into  LNCaP  cells,  and  40  h  later,  cells  were  lysed,  and 
endogenous  p53  as  well  as  other  proteins  were  examined  by  immunoblot  analysis.  The  effectiveness  of  siRNA  for  PIASl  or  -3  was  shown  by  the  reduction  of 
PIASl  or  -3  in  293T  cells  transfected  with  the  expression  plasmid  alone  or  with  the  respective  siRNA  shown  in  the  lower  panel.  F,  down-regulation  of  p53  by 
overexpression  of  SKI  can  be  reversed  by  a  reduction  of  PIAS3.  Expression  plasmids  for  SKI  and  siRNAs  were  introduced  into  FIEK293  cells,  and  40  h  later,  cells 
were  lysed,  and  endogenous  p53  and  MDM2  were  examined  by  immunoblot  analysis. 


artificial  dimerization  of  Ubc9  by  the  GST  moiety.  Using  GST- 
Ubc9  as  the  substrate,  as  shown  in  Fig.  5F,  SKI  but  not  the 
ARPG  protein  can  clearly  increase  Ubc9-mono-sumoylation  as 
evidenced  by  the  DTT-resistant  Ubc9-SUM01  conjugate.  It 
has  been  reported  that  sumoylation  of  Ubc9  can  alter  substrate 
sumoylation  by  Ubc9  (47),  and  thus  an  increase  of  Ubc9  sumoy¬ 
lation  likely  will  result  in  an  enhanced  sumoylation  of  certain 
substrate  proteins.  Taken  together,  we  conclude  that  SKI  can 
directly  interact  with  Ubc9  and  enhance  its  thioester  bond  for¬ 
mation  as  well  as  its  own  modification  with  SUMOl,  resulting 
in  increased  activity  of  Ubc9.  To  our  knowledge,  this  is  the  first 
demonstration  that  an  oncoprotein  can  directly  enhance  Ubc9 


activity  through  up-regulation  of  its  biochemical  activity.  We 
also  noted  that  there  is  a  clear  difference  between  wild  type  SKI 
and  the  ARPG  mutant  in  that  SKI  protein  can  dramatically 
increase  the  mono-sumoylation  of  Ubc9,  whereas  ARPG 
mutant  lacks  this  activity,  strongly  supporting  the  notion  that 
the  transforming  capability  of  SKI  at  least  partially  derives  from 
its  up-regulation  of  Ubc9  activity  through  enhancing  Ubc9 
mono-sumoylation. 

DISCUSSION 

A  multitude  of  molecular  mechanisms  has  been  put  forward 
to  explain  the  oncogenic  activity  of  SKI.  The  most  notable  one 
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FIGURE  5.  SKI  positively  regulates  Ubc9  both  in  vivo  and  in  vitro.  A,  SKI  can  directly  interact  with  Ubc9.  Approximately  equal  amounts  of  GST  or  GST-Ubc9 
protein  was  mixed  with  lysate  prepared  from  293T  cells  with  expression  of  FLAG-SKI,  FLAG-SKI(ARPG),  or  control  transfection.  The  GST  fusion  protein  was 
retrieved  with  glutathione-Sepharose  beads  and  washed  three  times  with  lysis  buffer.  The  bead-bound  proteins  were  analyzed  by  immunoblot  {IB)  analysis 
with  anti-FLAG  antibody  to  reveal  the  presence  of  SKI/ARPG  protein  in  the  GST-Ubc9  pulldown.  The  exposure  time  for  the  lysate  protein  was  about  1  /1 0  of  that 
for  the  pulldown.  In  the  lower  panel,  LNCaP  cells  were  treated  with  paraformaldehyde  for  1 0  min  before  collection,  and  lysed  and  immunoprecipitated  {IP)  with 
anti-Ubc9  antibody  or  control  antibody.  The  immunoprecipitates  were  analyzed  together  with  1 0  pg  of  input  lysate  with  SDS-PAGE  followed  by  immunoblot 
with  anti-SKI  antibody  or  antibody  for  heavy  chain.  B,  SKI  enhances  Ubc9  sumoylation  in  vivo.  293T  cells  were  transfected  with  various  plasmids,  and  the  Ubc9 
protein  was  immunoprecipitated  with  anti-Ubc9  antibody  followed  by  immunoblot  with  anti-FLAG  antibody  to  reveal  the  extent  of  the  Ubc9  sumoylation. 
C,  SKI  enhances  Ubc9-mediated  sumoylation  in  vivo.  293T  cells  were  transfected  with  various  combinations  of  expression  plasmids,  and  in  vivo  sumoylation  was 
determined  by  immunoblot  analysis  with  anti-FLAG  antibody  using  the  total  lysate  after  SDS-PAGE.  D,  purified  SKI  and  SKI(ARPG)  protein.  SKI  and  SKI(ARPG) 
were  first  immunoprecipitated  with  anti-FLAG  antibody  from  293T  cells  expressing  FLAG-Ski  or  FLAG-Ski(ARPG),  and  then  the  immunoprecipitates  were 
washed  and  incubated  with  FLAG  peptide.  The  proteins  were  then  quantitated  by  immunoblot  with  anti-FLAG  antibody.  E,  SKI  increases  thioester  bond 
formation  of  Ubc9/n  vitro.  30  ng  of  Ubc9  protein  was  mixed  with  60  ng  of  El,  250  ng  of  His6-Sumo1,  and  purified  SKI/ARPG  protein  in  15  p\  at  37  °Cfor  30  min. 
The  reaction  mixture  was  then  separated  by  SDS-PAGE  in  the  presence  or  absence  of  DTT  in  the  sample  buffer  followed  by  immunoblot  analysis  with  anti-Ubc9 
antibody.  F,  SKI  increases  mono-sumoylation  of  Ubc9  in  vitro.  10  ng  of  GST-Ubc9  protein  was  mixed  with  1 10  ng  of  El,  600  ng  of  His6-Sumo1  as  in  E followed 
by  immunoblot  analysis  with  anti-Ubc9  antibody.  The  designation  of  Ubc9  conjugated  with  one  SUMOI  molecule  is  based  on  its  molecular  weight  increase 
and  resistance  to  DTT. 


is  its  connection  with  TGFjS  signaling  by  its  physical  interaction 
with  and  inhibition  of  transcriptional  activation  by  Smad  pro¬ 
teins  (13-15).  It  has  also  been  found  that  SKI  is  capable  of  inhib¬ 
iting  transcriptional  repression  mediated  by  retinoblastoma 
tumor  suppressor  through  complex  formation  (48).  Its  connec¬ 
tion  with  Sirtl  and  SKIP  provides  additional  possibilities  that 
potentially  underlie  its  transforming  capability  (49,  50).  We 
provided  evidence  that  SKI  can  interact  with  the  central  com¬ 
ponent  of  cellular  sumoylation  machinery,  Ubc9,  and  enhance 
Ubc9-mediated  protein  sumoylation.  More  specifically,  SKI 
can  enhance  PIAS1-  and  PIAS3-mediated  sumoylation  of 
MDM2  and  in  this  manner  increase  MDM2  levels  and  enhance 
MDM2-mediated  p53  ubiquitination  and  proteasomal  degra¬ 
dation.  This  is  the  most  direct  route  for  SKI  to  neutralize  one  of 
the  essential  tumor  suppressor  proteins  in  the  cell  and  likely  the 
major  molecular  mechanism  that  is  responsible  for  its  ability  to 
cause  cellular  transformation. 


A  lack  of  transformation  of  mammalian  cells  by  SKI  raises  an 
intriguing  question.  Overexpression  of  MDM2  has  been  shown 
to  readily  collaborate  with  several  oncogenes  to  cause  cellular 
transformation  (51),  and  if  SKI  is  capable  of  enhancing  MDM2, 
then  it  should  also  readily  collaborate  with  other  oncogenes  to 
cause  transformation.  Yet  repeated  attempts  to  demonstrate 
the  transforming  capability  of  Ski  in  mammalian  cells  yielded 
inconclusive  results  at  best.  Indeed,  there  are  several  reports 
suggesting  that  SKI  is  a  tumor  suppressor  rather  than  an  onco¬ 
protein.  For  example,  mouse  embryo  fibroblasts  with  a  haploid 
deficiency  of  Ski  grow  faster  in  culture  than  cells  with  wild  type 
Ski  (52).  In  light  of  our  evidence  that  SKI  interacts  with  and 
enhances  the  activity  of  Ubc9,  we  can  now  rationalize  the  trans¬ 
forming  ability  of  SKI  in  this  broad  context  of  cellular  sumoy¬ 
lation.  In  this  regard,  p53  has  also  been  shown  to  be  sumoylated 
(53),  and  SKI  can  also  enhance  its  sumoylation  in  mammalian 
cells  through  overexpression  (supplemental  Fig.  4).  If  sumoyla- 
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tion  can  compete  against  ubiquitination,  it  is  conceivable  that 
SKI  in  this  manner  can  also  enhance  p53  stability.  Thus,  SKI  can 
cause  opposing  effects  in  regulating  p53  activity.  On  the  one 
hand,  more  MDM2  sumoylation  leads  to  more  protein  and 
activity  and  thus  a  reduced  p53  level;  on  the  other  hand,  SKI  can 
directly  enhance  the  p53  level  through  sumoylation-mediated 
stabilization  or  other  p53  activities.  It  is  likely  that  this  opposing 
activity  on  p53  weakens  the  potency  of  SKI  in  causing  cellular 
transformation  and  limits  its  target  cells  only  to  avian  embryo 
fibroblast  cells.  Moreover,  it  is  conceivable  that  in  a  certain 
cellular  context,  SKI  favors  the  p53  sumoylation,  resulting  in 
enhanced  tumor  suppressor  activity,  and  thus  SKI  in  this  fash¬ 
ion  acts  as  a  tumor  suppressor  rather  than  an  oncoprotein.  The 
precise  molecular  circuitry  that  dictates  the  ultimate  activity  of 
SKI  is  not  clear;  nevertheless,  our  novel  finding  will  provide  a 
molecular  guide  to  unravel  its  role  in  a  particular  biological 
context. 

In  contrast  to  cellular  ubiquitination  machinery,  there  are  a 
limited  number  of  core  components  mediating  protein  sumoy¬ 
lation.  There  are  so  far  one  SUMO-activating  enzyme  El  and 
one  conjugating  enzyme  E2,  and  a  handful  of  SUMO  E3s, 
including  PIAS1-4,  Polycomb  protein  Pc2,  and  RanGAPl.  A 
recent  report  of  the  TRIM  protein  family  likely  will  expand  the 
SUMO  E3  family  (54).  As  with  many  cellular  enzymes,  there 
will  be  positive  and  negative  regulators  for  their  functions. 
RSUME  and  ASF2  have  been  shown  to  positively  regulate  Ubc9 
activity,  although  with  distinct  molecular  mechanisms.  RSUME 
acts  as  an  enhancer  for  Ubc9  activity  leading  to  increased 
SUMO-Ubc9  thioester  bond  formation  (24),  although  ASF2 
does  not  lead  to  enhanced  thioester  bond  formation  while  aug¬ 
menting  substrate  sumoylation  by  Ubc9  (25).  In  this  regard,  SKI 
is  shown  to  both  enhance  Ubc9-SUM01  thioester  bond  forma¬ 
tion  as  well  as  sumoylation  of  Ubc9  itself.  Because  it  is  known 
that  Ubc9  sumoylation  can  alter  substrate  sumoylation,  it  is 
conceivable  that  SKI  can  indirectly  alter  substrate  sumoylation 
in  a  more  dramatic  manner  by  also  enhancing  thioester  bond 
formation  thus  providing  more  SUMO  donor.  In  this  regard, 
SKI  can  also  be  viewed  as  a  SUMO  E3  for  Ubc9. 

We  have  provided  evidence  that  oncoprotein  SKI  can  inter¬ 
act  with  Ubc9  protein,  and  up-regulate  MDM2  activity  through 
enhanced  sumoylation  with  a  consequent  down-regulation  of 
the  p53  level.  This  activity  of  SKI  likely  is  a  major  determinant 
of  its  transforming  ability  as  it  directly  links  to  the  central  tumor 
suppressor,  p53,  in  the  cell.  This  finding  suggests  that  in  tumors 
where  SKI  is  overexpressed  but  the  p53  protein  is  intact,  SKI 
may  contribute  to  tumor  initiation  and  progression  through 
down-regulation  of  p53  via  increased  sumoylation.  At  the  same 
time,  a  reduction  of  cellular  sumoylation  cascade  might  provide 
therapeutic  benefits  in  causing  inactivation  of  MDM2  protein 
with  a  reactivation  of  p53. 
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Abstract 

PI3K/ AKT/mTOR  pathway  plays  a  key  role  in  the  tumorigenesis  of  many  human  cancers  including  prostate 
cancer.  However,  inhibitors  of  this  pathway,  such  as  RadOOl,  have  not  shown  therapeutic  efficacy  as  a  single 
agent.  Through  a  high-throughput  screen  of  5,000  widely  used  small  molecules,  we  identified  compounds  that 
can  synergize  with  RadOOl  to  inhibit  prostate  cancer  cells.  One  of  the  compounds,  propachlor,  synergizes  with 
RadOOl  to  induce  apoptosis  of  castration-resistant  prostate  cancer  cells  via  enhanced  autophagy.  This  enhanced 
autophagic  cell  death  is  accompanied  by  increased  Beclinl  expression  as  well  as  upregulation  of  Atg5-Atgl2 
conjugate  and  LC3-2.  RadOOl  and  propachlor  can  also  synergistically  inhibit  tumors  in  a  xenograft  animal 
model  of  prostate  cancer.  These  findings  provide  a  novel  direction  to  develop  combination  therapies  for 
advanced  and  metastatic  prostate  cancer  that  has  failed  the  currently  available  therapies.  Mol  Cancer  Ther;ll(6); 
1-12.  ©2012  AACR. 


Introduction 

Prostate  cancer  is  the  most  common  malignancy  and  the 
second  most  common  cause  of  cancer-related  death 
among  men  in  Western  countries  (1, 2).  Although  prostate 
cancer  in  early  stages  can  be  cured  by  local  therapies,  there 
is  no  cure  for  advanced  and  metastatic  prostate  cancer. 
Therefore,  there  is  an  urgent  need  to  develop  novel  and 
effective  systemic  therapies.  As  has  been  observed  in 
many  human  cancers,  growth  factor  signaling  pathways, 
particularly  PI3K/ AKT/mTOR  pathway,  are  critical  for 
the  development  of  prostate  cancer.  A  genomic  survey  of 
prostate  cancer  identified  mutations  in  this  pathway, 
leading  to  its  hyperactivity  (3).  Inactivation  of  PTEN,  a 
negative  regulator  of  this  pathway,  has  been  found  in  a 
significant  portion  of  human  prostate  cancer  (3),  and 
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tissue-specific  deletion  of  PTEN  is  sufficient  to  initiate 
prostate  cancer  in  a  mouse  model  (4).  Thus,  inhibition  of 
the  PI3K/ AKT / mTOR  pathway  will  likely  suppress  pros¬ 
tate  cancer  and  provide  therapeutic  benefits.  Rapamycin 
or  its  derivative,  RadOOl  (Everolimus;  Fig.  IB),  can  spe¬ 
cifically  and  potently  inhibit  mTORCl.  Indeed,  rapamy¬ 
cin  (we  will  refer  to  RadOOl,  which  is  a  more  stable 
derivative,  thereafter)  has  been  approved  to  treat 
advanced  kidney  cancer  as  well  as  neuroendocrine  pan¬ 
creatic  cancer.  However,  efforts  to  expand  its  use  in  more 
prevalent  cancers  including  prostate  cancer  have  been 
unsuccessful.  It  is  postulated  that  inhibition  of  mTORCl 
by  RadOOl  leads  to  activation  of  compensatory  signaling 
pathways  thus  countering  the  growth-inhibitory  effects 
(5).  Novel  compounds  that  simultaneously  inhibit  several 
signaling  pathways,  including  mTORCl,  have  been  iden¬ 
tified,  promising  to  more  effectively  suppress  the  tumor 
growth  (6).  Alternatively,  identification  of  compounds 
that  synergize  with  RadOOl  may  enhance  the  potency  of 
RadOOl  to  treat  human  cancers.  We  conducted  a  high- 
throughput  screen  of  5,000  compounds  including  more 
than  1,000  U.S.  Food  and  Drug  Administration  (FDA)- 
approved  drugs  as  well  as  purified  natural  products  and 
other  compounds  with  known  safety  profiles.  We  identi¬ 
fied  propachlor  (Fig.  IB)  as  a  compound  that  synergizes 
with  RadOOl  to  induce  cell  death  in  prostate  cancer  cells. 

Materials  and  Methods 

Materials 

PC3  cells  were  obtained  from  the  American  Type  Cul¬ 
ture  Collection  (ATCC),  and  the  C4-2  cells  were  kindly 
provided  by  Dr.  Lily  Wu  at  UCLA  (Los  Angeles,  CA).  Both 
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Figure  1.  Identification  of 
propachlor  as  a  collaborating 
compound  with  RadOOl .  A,  five 
thousand  compounds  were  added 
alone  or  together  with  20  nmol/L 
RadOOl  in  C4-2  cells,  the  survival 
ratio  gauged  by  ATP  measurement 
between  cells  that  are  treated  with 
single  compound  or  combination 
with  RadOOl  is  plotted.  B,  the 
chemical  structures  of  RadOOl  and 
propachlor.  C,  propachlor  can 
collaborate  with  RadOOl  to  inhibit 
PC3  and  C4-2  cells.  Single 
compounds  or  combination  with 
RadOOl  were  used  to  treat  PC3  or 
C4-2  cells  for  72  hours  followed  by 
CellTiter-Glo  measurement  to 
measure  cell  number.  The  2-way 
t  test  showed  P  <  0.05  between  the 
2  groups. 


cell  lines  were  passaged  for  fewer  than  6  months  after 
resuscitation.  The  PC3  cells  were  tested  and  authenticated 
by  the  ATCC,  and  no  authentication  for  either  cell  line  was 
done  by  the  authors.  FBS,  RPMI  medium  1640,  Dulbecco's 
Modified  Eagle's  Medium  (DMEM),  sodium  pyruvate,  l- 
glutamine,  penicillin,  and  streptomycin  were  purchased 
from  Hyclone;  propachlor  and  RadOOl  were  from  Sigma; 
CellTiter  assay  was  from  Promega;  Caspase-3/7  Assay  Kit 
was  from  Anaspec;  Annexin  V  Apoptosis  Detection  Kit 
was  from  eBioscience;  DharmaFECT  transfection  reagent 
was  from  Thermo  Scientific  Life  Science;  Lipofectamine 
2000  transfection  reagent  was  from  Invitrogen;  Beclinl- 
siRNA  (5'-rGrGrA  rArUrGrGrArArUrGrArrGrArUrUr- 
ArA,  5'-rArGrCrArGrCrArUrUrArArUrCrUrCrArUrU) 
and  control-siRNA  (5'-rGrArArArArArCrUrCrArUrAr- 
UrArArArUrCr,  5'-rGrUrGrGrGrGrCrGrA  rUrUrUrAr- 
UrArUrGrA)  were  from  IDT;  and  reverse  transcriptase 
PCR  (RT-PCR)  primers  for  Beclinl,  5'-GG CCAATAA- 
GATGGGTCTGA-3'  and  5'-CTGCACACAGTCCAG- 
GAAAG-3',  for  GAPDH  5'-CATGGGTGTGAACCAT- 
GAGA-3'  and  5'-CAGTGATGGCATGGACTGTG-3' , 
were  from  ValueGene.  Rabbit  anti-LC-3  polyclonal 
antibody  was  from  GenScript;  rabbit  anti-Beclinl,  rabbit 
anti-cleaved  caspase-3,  and  rabbit  anti-PARPl  polyclonal 


antibodies  were  from  Cell  Signaling;  rabbit  anti-caspase-3 
polyclonal  antibody  was  from  Abgent;  rabbit  anti-Atg5 
monoclonal  antibody  was  from  Epitomics;  and  mouse 
anti-p-actin  antibody  was  from  Sigma. 

High-throughput  screen 

C4-2  cells  were  seeded  in  384-well  plate  at  1,000  cells  per 
well.  After  overnight  incubation,  compounds  were  deliv¬ 
ered  to  the  plates  by  SAGIAN  Core  System  with  a  Biomek 
FX  equipped  with  500  nL  pin  tool,  and  RadOOl  was  added 
to  a  final  concentration  of  20  nmol/L  using  a  Multidrop 
384.  The  concentration  of  the  compounds  from  the  com¬ 
pound  libraries  was  10  pmol/L  final,  whereas  the  total 
volume  was  50  pL  and  the  dimethyl  sulfoxide  (DMSO) 
concentration  was  1%  or  less.  Ninety-six  hours  later,  cell 
number  was  determined  using  CellTiter-Glo  (Promega) 
on  a  VICTOR  3V  (PerkinElmer),  according  to  the  manu¬ 
facturers'  instructions.  The  potential  hits  were  identified 
as  those  that  led  to  50%  or  more  reduction  of  cell  number 
with  the  combination  of  RadOOl  and  the  compound 
than  with  the  compound  alone.  The  hits  were  further 
tested  in  conventional  tissue  culture  settings  to  verify 
their  synergistic  effects  with  RadOOl  in  decreasing  cell 
viability. 
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Cell  culture 

The  PC3  cells  were  maintained  in  the  DMEM  containing 
10%  FBS  penicillin-streptomycin,  L-glutamine,  sodium 
pyruvate;  and  the  C4-2  cells  were  maintained  in  RPMI- 
1640  supplemented  with  10%  FBS  and  penicillin-strepto¬ 
mycin.  Cells  were  grown  at  37° C  with  5%  C02. 

Cell  viability,  combination  index,  and  growth  curves 

The  cells  were  seeded  into  the  96-well  plate  at  3  x  103 
cells  per  well.  After  48  hours,  PC3  cells  were  treated  with 
DMSO,  0.055  to  0.88  pmol/L  RadOOl  for  24  hours,  and  0.89 
to  14.25  pmol/L  propachlor  or  their  combination  for  24 
hours.  The  C4-2  cells  were  treated  with  DMSO,  0.041  to 
0.65  pmol/L  RadOOl  for  24  hours,  and  0.25  to  4.08  pmol/L 
propachlor  or  their  combination  for  24  hours.  Triplicates 
were  used  for  each  treatment  group.  The  cell  viability/ 
relative  cell  number  was  measured  with  the  Promega 
CellTiter-Glo  Assay  according  to  manufacturer's  instruc¬ 
tions.  The  compound  interactions  were  analyzed  with 
CalcuSyn  software  (version2.1,  BIOSOFT)  to  determine 
the  combination  index  (Cl)  for  RadOOl  and  propachlor. 

Equal  numbers  of  cells  were  seeded  into  96-well  plate 
and  maintained  with  normal  medium.  After  48  hours,  the 
PC3  cells  were  treated  with  DMSO  (control),  RadOOl  (0.70 
pmol/L),  propachlor  (6.15  pmol/L),  or  their  combination, 
respectively.  The  C4-2  cells  were  treated  with  DMSO 
(control),  RadOOl  (0.56  pmol/L),  propachlor  (7.05 
pmol/L),  or  their  combination,  respectively.  The  cell  via¬ 
bility/  relative  cell  number  was  measured  on  days  1,  2,  3, 
and  4  after  compound  addition  by  CellTiter-Glo.  All  the 
experiments  were  carried  out  in  triplicates.  The  PC3  and 
C4-2  cells  were  also  treated  with  compounds  for  1  day  and 
analyzed  with  trypan  blue  staining. 

GFP-LC3  analysis 

Cells  were  transfected  with  GFP-LC3  plasmid  using 
Lipofectamine  2000  transfection  reagent.  After  24  hours, 
the  medium  was  changed,  and  the  PC3  cells  were  treated 
with  DMSO  (control),  RadOOl  (0.7  pmol/L),  propachlor 
(6.15  pmol/L),  or  their  combination,  respectively,  for  1 
day.  The  C4-2  cells  were  treated  with  DMSO  (control), 
RadOOl  (0.56  pmol/L),  propachlor  (7.05  pmol/L),  or  their 
combination,  respectively,  for  1  day.  The  cells  were  fixed 
in  4%  paraformaldehyde  for  30  minutes,  washed  twice 
with  PBS  and  stained  with  4/,6-diamidino-2-phenylin- 
dole  (DAPI),  and  observed  under  a  fluorescence  micro¬ 
scope  (Eclipse  90i  slide  scope)  with  x40  lens. 

Protein  analysis 

The  cultured  cells  were  washed  with  cold  PBS  and  lysed 
with  lysis  buffer  (20  mmol/L  KC1, 150  mmol/L  NaCl,  1% 
NP-40,  50  mmol/L  NaF,  50  mmol/L  Tris-HCl,  pH  7.5,  1 
mmol/L  dithiothreitol,  1  mmol/L  EGTA,  1  x  Protease 
Inhibitor,  10%  glycerol)  for  10  minutes  on  ice.  The  cells 
were  centrifuged  for  15  minutes  at  4°C.  The  protein 
concentration  in  the  supernatant  was  determined  with 
the  Bradford  Assay  (Bio-Rad).  Equal  amount  of  protein 
was  loaded  on  8%  or  15%  SDS-PAGE  and  transferred  to 


polyvinylidene  fluoride  membrane.  The  membrane  was 
blocked  with  nonfat  dry  milk  for  1  hour,  incubated  with 
primary  antibody  in  nonfat  dry  milk  overnight,  washed 
with  PBS  for  30  minutes,  incubated  with  secondary  anti¬ 
body  for  30  minutes,  washed  with  PBS/  0.1  %  Tween-20  for 
2  hours,  and  detected  with  enhanced  chemiluminescence 
(Pierce). 

Caspase-3/7  activity  analysis 

Equal  number  of  PC3  and  C4-2  cells  was  seeded  into  the 
96- well  plates.  After  48  hours,  cells  were  treated  the 
DMSO,  RadOOl,  propachlor,  or  their  combination  for  15 
hours.  The  caspase-3/7  activity  was  measured  by  the 
SensoLyte  Homogeneous  AMC  Caspase-3/7  Assay  Kit 
after  reaction  for  8  hours.  All  the  experiments  were  carried 
out  in  triplicates. 

Analysis  of  apoptosis 

After  15-hour  treatment,  the  PC3  and  C4-2  cells  were 
collected.  The  apoptosis  was  quantified  by  fluorescence- 
activated  cell-sorting  (FACS)  analysis  (BD  FACSDiva 
Software  v6)  with  Annexin-V/7-AAD  staining  following 
the  manufacturer's  guidelines.  The  percentage  of 
Annexin-V-positive  cells  was  analyzed  by  Flowjo  (Ver¬ 
sion  7.6.4). 

Quantitative  RT-PCR 

The  PC3  and  C4-2  were  treated  with  compounds  for  1 
day  and  total  RNA  was  purified  from  the  cells  with 
Fermentas  Gene  RNA  Purification  Kit.  Equal  amounts  of 
RNA  were  reverse- transcribed  by  reverse  transcriptase 
(Fermentas)  according  to  the  manufacturer's  instructions. 
Quantitative  real-time  PCR  was  carried  out  with  SA 
Biosciences  RT2  Real-time  SYBR  Kit  with  the  following 
parameters:  15  pL,  95 °C  for  8  minutes  for  one  cycle 
followed  by  43  cycles  of  95°  C  for  15///60°C  for  60". 

siRNA  transfection 

A  total  of  4  x  103  of  cells  were  seeded  into  the  96- well 
plates  and  transfected  with  siRNA  (100  nmol/L)  by  the 
DharmaFECT  General  Transfection  Reagent.  The  com¬ 
bination  of  RadOOl  and  propachlor  was  added  to  the 
cells  for  1  day  after  transfection  followed  by  cell  via¬ 
bility/relative  cell  number  measurement.  To  determine 
the  knockdown  efficiency,  cells  were  seeded  into  the  12- 
well  plate  followed  by  transfection  with  Beclinl- siRNA 
and  control-siRNA,  respectively,  and  collected  after 
another  24  hours. 

Beclinl  mRNA  half-life  analysis 

To  determine  the  metabolic  stability  of  Beclinl  mRNA, 
the  C4-2  cells  were  treated  with  DMSO,  RadOOl,  propa¬ 
chlor,  and  their  combination.  Actinomycin  D  was 
added  at  10  pg/mL  to  inhibit  transcription.  After  0,  1, 
2,  and  4  hours,  cells  were  collected  and  washed  with 
PBS,  and  total  RNA  was  extracted.  Relative  levels 
of  mRNAs  were  determined  by  real-time  PCR  and 
normalized  to  that  of  glyceraldehyde-3-phosphate 
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dehydrogenase  ( GAPDH ).  All  the  experiments  were  car¬ 
ried  out  in  triplicates. 

Cell-cycle  analysis 

After  24-hour  treatment,  PC3  and  C4-2  cells  were  har¬ 
vested,  washed  with  PBS,  and  fixed  in  70%  ethanol.  After 
1-day  fixation,  the  cells  were  washed  with  PBS  twice, 
treated  with  RNase  (50  jig/  mL),  and  stained  with  propi- 
dium  iodide  (50  pg/ mL)  for  30  minutes  at  37° C.  The  cell- 
cycle  phase  distribution  was  determined  by  Flow  Cyto¬ 
metry  (BD  FACSDiva  Software  v6).  The  percentage  of 
cells  in  each  phase  was  analyzed  by  Flowjo  (Version  7.6.4). 

Prostate  cancer  xenograft 

Five-  to  6-week-old  SCID  (severe  combined  immunode- 
ficient)  mice  were  obtained  from  the  UCLA  Division  of 
Laboratory  Animal  Medicine.  All  the  mice  were  inoculated 
with  100  pL  (50%  Matrigel/PBS)  of  PC3  cells  suspension 
(7  x  106)  to  each  dorsal  flank  with  25-gauge  syringe.  When 
the  tumor  size  reached  between  90  and  100  mm3,  the  mice 
were  divided  into  the  control,  RadOOl,  propachlor,  and 
combination  group,  with  6  mice  per  group.  The  RadOOl  and 
propachlor  were  delivered  intraperitoneally  (i.p.)  1  and  5 
mg  /kg  daily.  The  tumor  size  and  mouse  weight  were 
measured  every  4  days.  These  tumor  measurements  were 
converted  to  tumor  volume  using  the  formula,  V  =  0.52  x  L 
x  W2,  where  W  and  L  are  the  smaller  and  larger  diameters. 
At  the  44th  day,  all  mice  were  sacrificed;  tumors  were 
dissected  and  collected.  All  the  animal  experiments  were 
conducted  according  to  the  protocol  approved  by  the 
UCLA  Animal  Research  Committee. 

Statistical  analysis 

The  normalized  isobologram  analysis  and  bars  were 
conducted  with  CalcuSyn  software  (version  2.1,  BIO- 
SOFT)  and  Microsoft  Excel  2003,  respectively.  With  medi¬ 
an  effects  model  described  by  Chou  (7),  the  multiple 
compound  dose-effect  calculations  were  conducted.  Cl 
values  of  <0.9,  >0.9  to  <1.2,  >1.2  were  considered  as  being 
synergistic,  additive,  and  antagonistic,  respectively.  Sta¬ 
tistical  analysis  was  conducted  by  2-sided  t  test.  P  value 
less  than  0.05  was  considered  to  be  statistically  significant. 

The  statistical  significance  of  different  tumor  sizes 
between  each  treatment  and  control  group  was  deter¬ 
mined  by  one-way  ANOVA  followed  by  the  Dunnett  test. 
Statistical  analyses  on  body  weights  were  conducted  by 
one-way  ANOVA  followed  by  Tukey  test.  The  level  of 
significance  was  set  at  P  <  0.05.  Statistical  calculations 
were  carried  out  by  the  SPSS  version  13.0. 

Results 

Identification  of  compounds  that  synergize  with 
RadOOl  to  inhibit  prostate  cancer  cells 

PI3K/AKT/mTOR  signaling  pathway  plays  a  central 
role  in  many  human  cancers  including  prostate  cancer. 
However,  inhibitors  of  this  pathway,  such  as  RadOOl, 
have  failed  to  show  efficacy  for  prostate  cancer  as  a  single 


agent  likely  due  to  activation  of  compensatory  pathways 
(5).  We  reasoned  that  certain  chemical  compounds  may 
synergize  with  RadOOl  to  inhibit  multiple  pathways  and 
thus  restore  the  full  therapeutic  potential  of  RadOOl,  a 
clinically  useful  drug  with  known  safety  profiles.  There¬ 
fore,  we  chose  5,000  compounds  available  through  our 
screening  facility  and  conducted  a  screen  in  castration- 
resistant  prostate  cancer  (CRPC)  cells  using  individual 
compound  alone  or  in  combination  with  RadOOl  (Fig.  1  A). 
The  primary  screen  yielded  a  number  of  compounds  that 
decreased  cell  numbers  by  more  than  50%  in  the  presence 
of  RadOOl  compared  with  when  the  compounds  were 
used  alone.  Several  compounds  collaborated  with  RadOOl 
in  reducing  the  cell  numbers  in  secondary  and  tertiary 
screens,  and  propachlor  (Fig.  IB)  was  chosen  for  detailed 
studies. 

Synergy  of  RadOOl  and  propachlor  in  inhibiting 
prostate  cancer  cell  lines  PC3  and  C4-2 

To  confirm  that  RadOOl  and  propachlor  can  synergis- 
tically  inhibit  prostate  cancer  cells,  we  added  each  of  them 
at  varying  concentrations  and  monitored  the  effects  in 
PC3  and  C4-2  cells,  2  prostate  cancer  cell  lines  that  resist 
androgen  withdrawal.  As  shown  in  Fig.  2A,  dose-depen¬ 
dent  decrease  of  cell  numbers  was  seen  in  both  cell  lines 
treated  with  either  RadOOl  or  propachlor.  For  PC3  cells, 
the  ED50  for  propachlor  was  6.55  pmol/L,  and  we  did  not 
reach  ED50  for  RadOOl  under  the  experimental  conditions. 
For  C4-2  cells,  we  did  not  reach  ED50  for  propachlor, 
whereas  the  ED50  for  RadOOl  was  0.43  pmol/L.  However, 
when  the  cells  were  treated  with  the  combination  of  the  2 
compounds,  there  was  significantly  more  decrease  in  cell 
numbers  in  both  cell  lines  (z-axis)  compared  with  treat¬ 
ment  with  either  RadOOl  or  propachlor  alone  (Fig.  2A).  Cl, 
a  measure  of  synergistic  activity,  was  determined  with  the 
CalcuSyn  software  program,  which  confirmed  significant 
synergism  of  the  2  compounds  (Fig.  2B).  For  example,  for 
PC3  cells,  treatment  with  0.44  pmol/L  RadOOl  or  3.56 
pmol/L  propachlor  alone  resulted  in  10.45%  and  17.15% 
reduction  in  the  cell  number,  respectively.  However, 
when  the  2  compounds  were  combined,  the  cell  number 
was  reduced  by  67.21%  (Cl  <  0.9).  Mixture-algebraic 
estimate  analysis,  conducted  with  CalcuSyn  software, 
showed  a  strong  synergism  for  most  of  the  combinations 
of  2  compounds  at  various  concentrations  for  the  2  cell 
lines,  suggesting  that  the  synergism  is  not  limited  to  a 
particular  threshold  concentration  of  either  compound. 
We  also  determined  whether  these  compounds  synergize 
at  different  time  points  after  compound  addition.  As 
shown  in  Fig.  2C,  both  PC3  and  C4-2  cells  exhibited 
pronounced  reduction  of  cell  numbers  after  combination 
treatment  at  multiple  time  points. 

Combination  of  RadOOl  and  propachlor 
synergistically  induces  apoptosis  in  PC3  and  C4-2 
cells 

The  synergistic  reduction  of  cell  number  can  be  the 
result  of  a  cell-cycle  block  or  an  induction  of  cell  death  or 
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Figure  2.  The  combination  of  RadOOl  and  propachlor  induces  a  synergistic  reduction  of  cell  number  in  prostate  cancer  cells.  A,  decreasing  doses  of  RadOOl 
alone,  propachlor  alone,  and  their  combination  were  used,  and  cell  numbers  measured  as  in  Fig.  1  (x-axis,  RadOOl  |amol/L;y-axis,  propachlor  ]umol/L;z-axis, 

1  -  (treatment  luminescence  unit/control  luminescence).  B,  normalized  isobologram  analysis  showed  synergistic  interactions  in  PC3  and  C4-2  cells. 

The  analysis  was  done  with  CalcuSyn  software,  which  conducts  the  drug  dose-effect  calculation  with  the  median  effect  method  described  by  Chou  (7).  A  large 
number  of  combination  groups  were  below  the  line,  indicating  synergism.  C,  growth  curves  by  measuring  ATP  level  shows  more  reduction  of  cell  number  when 
cells  were  treated  with  the  drug  combination. 
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Figure  3.  Combination  of  RadOOl  and  propachlor  synergistically  induces  cell  death  in  prostate  cancer  cells.  PC3  cells  were  treated  with  DMSO  (control), 
RadOOl  (0.70  |umol/L),  propachlor  (6.15  p,mol/L),  or  their  combination,  and  C4-2  cells  were  treated  with  DMSO  (control),  RadOOl  (0.56  pmol/L),  propachlor 
(7.05  |umol/L),  or  their  combination.  A,  trypan  blue  (TB)  assay.  Combination  treatment  resulted  in  lower  cell  viability  than  either  compound  alone  (2-way 
t  test:  P  <  0.005).  B,  increased  levels  of  cleaved  PARP1  and  caspase-3  and  decreased  Bcl-2  in  PC3  and  C4-2  cells  treated  for  1 5  hours  with  the  combination  of 
RadOOl  and  propachlor.  Lysates  from  cells  were  separated  by  SDS-PAGE  followed  by  immunoblotting  with  respective  antibodies.  C,  higher  activities  of 
caspase-3/7  in  PC3  and  C4-2  cells  treated  for  15  hours  with  the  drug  combination.  D,  flow  cytometric  analysis  of  apoptosis  with  Annexin-V  and  7-AAD 
staining.  There  was  a  significant  increase  in  the  percentage  of  apoptotic  cell  after  combination  treatment  versus  single  compound  (P  <  0.05). 
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their  combination.  We  conducted  a  cell-cycle  analysis  of 
the  cells  treated  with  the  compounds  but  did  not  detect  a 
significant  change  in  the  distribution  of  cell-cycle  phases. 
We  conducted  trypan  blue  staining  of  the  cells  after  the 
drug  treatment.  As  shown  in  Fig.  3A,  there  was  a  signif¬ 
icant  decrease  in  the  percentage  of  cells  negative  for 
intracellular  blue  staining  in  both  PC3  and  C4-2  cells 
compared  with  single  compound  treatment  ( P  <  0.005), 
suggesting  that  the  combination  treatment  resulted  in 
decreased  cell  viability.  This  was  further  confirmed  with 


the  semiquantitative  analysis  of  the  abundance  of  proteins 
involved  in  cell  apoptosis.  As  shown  in  Fig.  3B,  when  PC3 
and  C4-2  cells  were  treated  with  vehicle  (DMSO),  RadOOl, 
propachlor,  or  their  combination  for  15  hours,  there  was  a 
significant  increase  of  the  cleaved  form  of  apoptosis 
marker  PARP1  (Fig.  3B,  top;  ref.  8).  This  was  accompanied 
by  the  induction  of  cleaved  caspase-3  (Fig.  3B,  middle), 
reduced  expression  of  Bcl-2  (Fig.  3B,  bottom),  and  induced 
activity  of  caspase-3/ 7  (Fig.  3C),  suggesting  that  apoptotic 
pathway  was  activated  in  response  to  the  combination 


Figure  4.  RadOOl  and  propachlor 
combination  synergistically  induces 
autophagy  in  PC3  and  C4-2  cells. 
Autophagy  was  analyzed  after  1  day 
of  treatment.  PC3  cells  were  treated 
with  DMSO  (control),  RadOOl  (0.70 
|umol/L),  propachlor  (6.15  |umol/L),  or 
their  combination,  and  C4-2  cells 
were  treated  with  DMSO  (control), 
RadOOl  (0.56  |umol/L),  propachlor 
(7.05  (imol/L),  or  their  combination. 
A,  upregulation  of  LC3-2  in  PC3  and 
C4-2  cells  treated  with  combination 
of the2  compounds.  Immunoblotting 
was  conducted  as  in  Fig.  3.  B, 
increased  autophagosomes  (arrows) 
were  observed  by  electron 
microscopy  in  cells  treated  with 
RadOOl /propachlor  compared  with 
each  compound  alone.  Quantified 
data  from  30  cells  are  shown  in  the 
bottom.  C,  autophagosome  analysis 
through  GFP-LC3  expression.  C4-2 
and  PC3  cells  expressing  GFP-LC3 
were  treated  with  DMSO,  RadOOl , 
propachlor,  or  their  combination  for 
24  hours.  The  cells  were  fixed  with 
paraformaldehyde  and  visualized 
with  epifluorescence.  Yellow  arrows 
indicate  the  punctate  pattern  of  GFP- 
LC3,  representative  of 
autophagosome,  and  nuclei  were 
visualized  through  DAPI  staining. 
The  number  of  GFP-LC3  punctuate 
dots/cells  was  quantitated  in  50 
GFP+  cells  from  each  group 
(bottom). 
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treatment.  To  provide  another  level  of  confirmation,  we 
conducted  flow  cytometric  analysis  of  cells  stained  with 
Annexin-V  and  7-AAD  to  examine  the  population  level  of 
apoptotic  response  to  the  compounds.  As  shown  in  Fig. 
3D,  combination  of  RadOOl  and  propachlor  increased 
the  fraction  of  apoptotic  cells  significantly  more  than 
single  treatment,  as  quantified  by  the  percentage  of  both 
early  and  late  apoptotic  cells  in  the  2  cell  lines.  These 
data  strongly  suggest  that  combination  of  RadOOl  and 
propachlor  results  in  synergistic  cytotoxicity  through  the 
activation  of  the  apoptotic  pathway. 

Combination  of  RadOOl  and  propachlor 
synergistically  induces  autophagy  in  PC3  and  C4-2 
cells 

It  is  important  to  understand  the  mechanism  by  which 
the  combination  of  the  2  compounds  synergistically  acti¬ 
vates  the  apoptotic  pathway.  Because  programmed  cell 
death  can  be  induced  by  autophagy,  we  determined 


whether  the  2  compounds  synergistically  induce  autop¬ 
hagy.  Enhanced  conversion  of  microtubule-associated 
protein  1  light  chain  3  (LC3-1)  to  its  faster-migrating 
form  LC3-2  is  a  hallmark  of  autophagy  induction  (9).  As 
shown  in  Fig.  4A,  there  was  substantially  more  LC3-2 
conversion  after  combination  treatment  compared 
with  RadOOl  or  propachlor  treatment  alone  in  both  PC3 
and  C4-2  cell  lines,  suggesting  that  they  can  synergisti¬ 
cally  induce  autophagy.  We  also  examined  the  abundance 
of  autophagosomes  induced  by  the  compounds.  Autop¬ 
hagosomes  are  characterized  by  membranous  structures 
with  double  or  multiple  membrane  layers.  Transmission 
electron  microscopic  analysis  of  the  cells  treated  with 
various  compounds  showed  that  the  cells  treated  with 
the  2  compounds  in  combination  had  increased  number  of 
autophagosomes  in  comparison  with  single-agent  treat¬ 
ment  (Fig.  4B,  top),  again  confirming  that  there  was  a 
synergistic  induction  of  autophagy.  The  quantification  of 
this  increase  is  shown  in  Fig.  4B  (bottom). 
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Figure  5.  Regulation  of  autophagy 
proteins  in  response  to 
combination  treatment  of  RadOOl 
and  propachlor.  A,  Atg5-Atg12 
conjugates  and  Beclinl  were 
induced  in  response  to 
combination  treatment  for  24 
hours.  Immunoblotting  was 
conducted  as  in  Fig.  3.  B,  Beclin  1 
mRNA  was  more  significantly 
upregulated  by  the  combination 
treatment  as  shown  by  qRT-PCR 
analyses  (left).  Right,  shows  that 
Beclinl  mRNA  stability  does  not 
increase  in  response  to  the 
combination  treatment.  C,  Beclinl 
is  critical  for  the  autophagic  death 
induced  by  the  combination 
treatment.  PC3  and  C4-2  cells 
were  transfected  with  control 
siRNA  or  siRNA  for  Beclinl  (right). 
Cells  were  treated  with 
combination  of  RadOOl  and 
propachlor  24  hours  after 
transfection.  The  cell  number  was 
determined  with  ATP 
measurement  24  hours  after  the 
combination  treatment. 
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Autophagosomes  can  also  be  visualized  through  the 
expression  of  GFP-LC3,  which  upon  autophagosome 
formation  becomes  clustered  on  the  membrane  vesicles 
and  visible  as  a  ring  structure  under  a  fluorescent 
microscope.  Figure  4C  (top)  shows  that  there  were  more 
punctuate  GFP-positive  vesicles  in  response  to  the  com¬ 
bination  treatment  in  both  PC3  and  C4-2  cells,  and  the 
quantification  of  the  results  is  shown  in  Fig.  4C  (bottom). 
Consistent  with  the  increase  of  autophagy  in  response  to 
the  combination  treatment,  we  also  found  that  Atg5- 
Atgl2  conjugate,  which  is  involved  in  the  first  of  the  two 
ubiquitination-like  reactions  that  control  autophagy  (10), 
was  increased  in  the  2  cell  lines  treated  with  the  2  com¬ 
pounds  in  combination  (Fig.  5A).  Taken  together,  we 
conclude  that  there  is  a  synergistic  induction  of  autophagy 
in  response  to  the  combinatorial  treatment  of  RadOOl  and 
propachlor,  resulting  in  autophagic  cell  death. 

Combination  of  RadOOl  and  propachlor  increases  the 
expression  of  Beclinl,  which  is  important  for  the 
induced  autophagy  and  apoptosis 

Beclinl  (Atg6)  is  critical  for  the  initiation  of  autophagy 
pathway  (11).  Accordingly,  we  found  that  Beclinl  protein 
levels  increased  in  response  to  the  combination  treatment 
(Fig.  5 A,  right).  The  increase  of  Beclinl  protein  is  likely  the 
result  of  increased  mRNA  levels  of  Beclinl  as  shown  by 
qRT-PCR  analysis  (Fig.  5B,  left).  To  determine  whether  the 
increase  of  mRNA  level  is  the  result  of  enhanced  tran¬ 
scription  of  Beclinl  gene  or  increased  stability  of  Beclinl 
mRNA,  we  examined  the  metabolic  stability  of  Beclinl 
mRNA  by  measuring  its  half-life.  As  shown  in  Fig.  5B 
(right),  RadOOl  decreased  Beclinl  mRNA  stability,  where¬ 
as  propachlor  slightly  increased  its  stability  and  the  com¬ 
bination  of  the  2  compounds  did  not  increase  Beclinl 
mRNA  stability  as  compared  with  the  control  group, 
suggesting  that  the  increase  of  Beclinl  mRNA  is  likely 
the  result  of  increased  transcription  of  the  gene. 

To  determine  whether  the  induced  autophagy  is 
necessary  for  the  increased  cell  death  induced  by  the 
combination  treatment,  we  used  siRNA  to  reduce  the 
expression  of  Beclinl  and  examined  whether  its  loss  of 
function  impacts  on  the  cell  death  induced  by  the  com¬ 
bination  treatment.  As  shown  in  Fig.  5C,  the  Beclinl  level 
was  markedly  reduced  by  siRNA  treatment  (right)  and 
reduction  of  Beclinl  protein  led  to  a  significant  rescue  of 
cell  death  in  response  to  the  combination  treatment  (left 
and  middle).  These  results  suggest  that  synergistic  induc¬ 
tion  of  autophagy  is  likely  the  underlying  mechanism  for 
the  increased  cell  death  induced  by  the  2  compounds  used 
in  combination.  Taken  together,  these  results  suggest  that 
Beclinl  is  induced  in  response  to  the  combination  treat¬ 
ment,  and  the  enhanced  autophagy  plays  an  essential  role 
in  the  synergistic  induction  of  cell  death. 

RadOOl  and  propachlor  combination  inhibits 
prostate  cancer  xenograft  tumor 

We  next  determined  whether  the  synergism  also 
exists  in  a  preclinical  prostate  cancer  xenograft  mouse 


model.  The  toxicity  of  propachlor  is  relatively  low  with 
LD50  at  550  mg/kg  (12),  so  we  used  it  at  5  mg/kg  D  1 
while  using  RadOOl  at  1  mg/kg  D-1,  which  has  been 
commonly  reported  (13).  We  initiated  tumor  with  s.c. 
injection  of  PC3  cells  on  both  flanks  of  SCID  mice.  When 
tumor  size  reached  approximately  100  mm3,  we  started 
daily  intraperitoneal  injection  of  the  2  compounds  and 
measured  tumor  size  and  body  weight  on  every  fourth 
day.  As  shown  in  Fig.  6A,  the  combination  of  RadOOl 
and  propachlor  inhibited  the  growth  of  PC3  xenograft 
tumor  significantly  more  than  either  compound  alone 
(**,  P  <  0.05  compared  with  one  compound  administra¬ 
tion;  *,  P  <  0.05  compared  with  control).  In  addition, 
combination  treatment  showed  no  adverse  effect  on 
body  weights  (Fig.  6A,  right;  P  >  0.05)  and  daily  activ¬ 
ities.  No  complications  such  as  anaphylaxis  and  skin 
necrosis  were  observed  throughout  the  course  of  the 
study.  We  also  examined  autophagosome  formation  in 
the  xenograft  tumors  by  transmission  electron  micros¬ 
copy.  Consistent  with  the  in  vitro  results,  combination  of 
the  2  compounds  increased  autophagosome  formation 
in  the  xenograft  tumors  (Fig.  6B  and  C).  In  addition, 
there  was  a  significant  increase  of  LC3-1,  LC3-2,  and 
Beclinl  levels  in  the  combination  treatment  group,  com¬ 
pared  with  groups  that  received  either  compound  alone 
(Fig.  6D).  Therefore,  we  have  shown  that  propachlor  can 
synergize  with  RadOOl  to  induce  apoptosis  of  prostate 
cancer  cells  through  synergistic  induction  of  autophagy 
in  vitro  and  in  vivo ,  establishing  a  foundation  for  poten¬ 
tial  clinical  trials  of  similar  combinations  in  patients 
with  prostate  cancer. 

Discussion 

Hormonal  therapy  has  been  the  main  treatment  modal¬ 
ity  for  advanced  or  metastatic  prostate  cancer  for  decades. 
However,  hormonal  therapy,  including  the  newest  drugs 
such  as  abiraterone  and  MDV3100,  is  palliative  and  nearly 
all  patients  will  eventually  experience  tumor  recurrence, 
for  which  there  is  no  effective  therapy.  Thus,  there  is 
an  urgent  need  to  develop  novel  therapies  targeting 
additional  pathways  for  CRPC.  It  has  been  found  that 
androgen  enhances  mTOR  activity  in  an  androgen  recep¬ 
tor-dependent  manner  (14),  and  active  mTOR  signaling 
suppresses  autophagy.  Autophagosome  formation  is 
increased  in  the  rat  prostate  epithelial  cells  upon  castra¬ 
tion  (15,  16).  More  recently,  it  was  reported  that  prostate 
cancer  cells  can  enhance  autophagy  to  survive  androgen 
deprivation  treatment  (17).  Therefore,  it  is  likely  that 
autophagy  plays  an  important  role  in  the  development 
of  prostate  cancer,  and  targeting  this  pathway  may  be  a 
novel  therapeutic  strategy. 

Propachlor  is  a  herbicide  first  marketed  by  Monsanto 
in  1965  (18)  with  well-established  safety  profile. 
Although  this  particular  compound  may  or  may  not  be 
used  in  patients  with  prostate  cancer,  its  synergy  with 
RadOOl  and  the  underlying  mechanism  provide  us 
novel  therapeutic  targets  and  an  opportunity  to  increase 
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Figure  6.  Combination  of  RadOOl  and  propachlor  significantly  inhibits  the  PC3  xenograft  tumors  in  mice.  A,  antitumor  activity  on  PC3  xenografts 
by  various  compounds.  Mice  were  administered  daily  i.p.  with  RadOOl  (1  mg/kg),  propachlor  (5  mg/kg),  or  both  (6  mice/group).  The  tumor 
sizes  (left)  and  body  weights  (right)  were  measured  every  4  days.  Tumors  treated  with  2  drugs  were  much  smaller  than  single  compound 
treatment  or  control.  B,  electron  microscopic  analysis  of  the  tumors  collected  from  various  treatment  groups.  Arrows  indicate  autophagosomes.  C, 
quantitation  of  the  number  of  autophagosomes  in  30  cells  from  the  xenograft  tumors.  D,  immunoblot  analysis  for  LC3  and  Beclinl  from  the  xenograft 
tumors. 
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the  therapeutic  efficacy  and  reduce  the  side  effects  of 
existing  drugs.  In  this  regard,  the  recent  identification  of 
combination  treatment  of  rapamycin  and  thapsigargin 
for  ras-driven  cancer  represents  another  excellent  exam¬ 
ple  (19).  Identification  of  novel  compounds  that  syner- 
gize  with  existing  molecules  will  also  expand  our 
understanding  of  the  molecular  mechanisms  of  induced 
cancer  cell  death. 

The  main  finding  of  our  study  is  that  the  combination  of 
RadOOl  and  propachlor  induces  apoptosis  of  CRPC  cells 
in  a  synergistic  manner,  and  enhanced  autophagy  is  likely 
the  underlying  mechanism.  Autophagy  or  macroauto- 
phagy  is  a  major  intracellular  pathway  for  degrading 
and  recycling  cellular  macromolecules,  including  pro¬ 
teins,  ribosomes,  and  cytoplasmic  organelles  (20).  In  nor¬ 
mal  cells,  autophagy  functions  to  maintain  cellular 
homeostasis  by  disposing  of  damaged  or  aged  organelles. 
Autophagy  is  induced  in  response  to  stresses  such  as 
nutrient  starvation,  hormone  treatment,  chemotherapeu¬ 
tic  agents,  as  well  as  in  pathologic  conditions,  including 
neurodegenerative  diseases  such  as  Alzheimer  disease, 
Parkinson  disease,  Huntington  disease,  hereditary  myop¬ 
athies,  infectious  diseases,  and  cancer  (20-23).  More 
recently,  it  was  found  that  excessive  autophagy  can  lead 
to  cell  death,  especially  in  the  absence  of  functional 
apoptotic  molecules  such  as  Bax/Bak  (24).  This  type  of 
cell  death  is  termed  the  second  type  of  programmed  cell 
death  (20).  Thus,  it  is  conceivable  that  the  induction  of 
autophagy  is  cell  context-dependent,  and  the  extent  of 
autophagy  dictates  the  cellular  outcome.  At  an  appro¬ 
priate  level,  autophagy  protects  cells  by  recycling  and 
disposing  of  toxic  and  nonfunctional  cellular  proteins 
and  organelles,  whereas  excessive  autophagy  or  a  par¬ 
ticular  kind  of  autophagy  may  result  in  damage  of  the 
cells,  ultimately  leading  to  cell  death.  As  such,  agents 
have  been  identified  that  can  cause  tumor  cell  death  and 
reduce  tumor  burden  by  causing  autophagic  cell  death, 
suggesting  that  modulation  of  autophagy  is  a  new 
avenue  for  anticancer  therapeutics  (25,  26).  In  gastric 
cancer  cells,  inhibition  of  caspase-3  enhances  the  autop¬ 
hagic  cell  death,  suggesting  that  inhibition  of  apoptosis 
results  in  induction  of  autophagy  (27).  For  prostate 
cancer,  induction  of  autophagy  and  caspase-indepen- 
dent  apoptosis  by  arginine  deiminase  appears  to  be  a 
novel  therapeutic  modality  (28).  It  has  also  been 
reported  that  inhibition  of  autophagy  can  lead  to  induc¬ 
tion  of  apoptosis  (29).  Simultaneous  induction  of  autop- 
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